




SYNTHESIS AND CHARACTERIZATION 
OF COMPLEX METAL HYDRIDES  




David Martin Nitsche 
Department of Mechanical Engineering 
 
 
In partial fulfillment of the requirements 
For the Degree Master of Science 
Colorado State University 
Fort Collins, Colorado 
Summer 2010
ii 
COLORADO STATE UNIVERSITY 
 
 
May 13, 2010 
 
WE HEREBY RECOMMEND THAT THE THESIS PREPARED UNDER OUR 
SUPERVISION BY DAVID MARTIN NITSCHE ENTITLED SYNTHESIS AND 
CHARACTERIZATION OF COMPLEX METAL HYDRIDES FOR HYDROGEN 
TECHNOLOGY BE ACCEPTED AS FULFILLING IN PART REQUIREMENTS FOR THE 










Advisor: Venkatesan Manivannan 
 
_______________________________________ 
Department Head: Allan T. Kirkpatrick
iii 
ABSTRACT OF THESIS 
 
SYNTHESIS AND CHARACTERIZATION OF COMPLEX METAL HYDRIDES  
FOR HYDROGEN TECHNOLOGY 
The limitation as well as the environmental impact of fossil fuels has encouraged 
the development of alternative energies. As an alternative, hydrogen and its applications 
have been established due to its favorable physical and chemical properties. Production as 
well as storage of hydrogen is seen to be key challenges to for a transition to a hydrogen 
based infrastructure. A possible storage method is seen to be chemical hydrides, where 
hydrogen is chemically bonded to matrix materials and can be controllable released. The 
chemical synthesis of these hydrides can become complex with increasing hydride 
structures. Therefore, mechanochemical synthesis methods have been developed, which 
simplify the synthesis process. The material characteristics are being determined with an 
XRD apparatus as well as TGA and DSC analysis. In the present study, hydrides with the 
general composition MH, MH2, MAlH4, and MAlH6 have been synthesized and tested for 
desorption characteristics, where M stands for Li, Na, K, Ca, Mg, and Ti. Doping of the 
materials is being applied to improve desorption characteristics of the material, where 
catalyst materials are implemented into the hydride structure and cause a change in the 
structural composition linked with a decrease of the hydrogen desorption temperature.  
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Finding a material that fulfills the governmental guidelines for storage materials will give 
the possibility to a hydrogen based infrastructure.  
David Nitsche 
Mechanical Engineering Department 
Colorado State University 
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1. Introduction 
1.1. Purpose and Aim of research 
 
Since the beginning of industrialization in the 18th century, energy consumption has 
been steadily increasing and has still not reached its peak. As a result, fossil fuels, such 
as raw oil, natural gas and coal emerged as a primary energy sources. The limitations of 
these fossil fuels require the development of alternative sources that will be, in 
combination with each other, able to replace the current technologies and meet the 
energy demand of emerging markets. The major alternative sources emerging as 
potential candidates to meet these requirements are photovoltaics, wind, water, biomass, 
and hydrogen, where each technology has its specific advantages in its field of 
application. 
Hydrogen, as an energy carrier, is favorable for several different reasons, such as its 
high energy density and its appearance in nature in its gaseous form. Fuel cells, as a 
hydrogen based application, convert the electrochemical stored energy directly into 
electric energy by producing water as a byproduct. Due to their high efficiency (≥75%) 
when compared to combustion engines (≥20%), fuel cells are being seriously considered 
as an alternative to existing technologies for mobile and stationary applications. In order 
to integrate hydrogen into the infrastructure, two main challenges have to be addressed; 
the production of hydrogen based or renewable sources and the effective storage of 
hydrogen.  
Commonly used storage methods are high pressure vessels and low temperature 
vessels, which, due to their safety risks, are not preferable for mobile application. 
Therefore, the development of alternative methods, such as metal hydrides, have 
emerged over time. Metal hydrides share the ability to adsorb and to desorb hydrogen 
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under discrete conditions (pressure and temperature) and can act as a storage medium 
for hydrogen based applications. The Department of Energy (DoE) has set guidelines for 
the use of these storage materials such as 
• Reversible storage density: ≥6.5 wt % 
• Working temperature: -30°C ≤ T ≤ 100°C 
• Cycle lifetime: ≥1000 for mobile applications 
• Safety codes and standards 
• Fuel cost: ≤ $133/kg H2 
 
Materials that are able to fulfill these guidelines may be able to replace current storage 
methods and allow for the transition to a renewable based infrastructure possible.  
1.2. History of Hydrogen Technology 
 
Even though hydrogen has been recognized as an alternative to fossil fuels in the 
recent past, its history is much older. It can be linked with famous scientists, popular 
engineers, and great discoveries, but also with tragedies and drawbacks. Its history 
began in the years around 1766 when it  was first discovered by Henry Cavendish. Even 
though he did not establish the name hydrogen, he proved the coexistence of two 
different types of air. Later experiments allowed him to predict detailed values for specific 
weight and density. In the course of time, he also performed experiments with hydrogen- 
oxygen mixtures producing water. 
In 1788, the name ‘hydrogen’ was first introduced by Antoine Lavoisier, a French 
scientist who set up his experiments based on results made by Cavendish earlier. Based 
on the Greek word ‘hydor’, which can be translated as ‘water- former’, the element 
became what it is known as today [1]. 
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In the period from 1800 till 1839 important steps for hydrogen production technology 
were made by different scientists. The first began in 1800, when William Nicolson and 
Anthony Carlisle split water into its two elements hydrogen and oxygen by passing a 
current through it. From then on, hydrogen was introduced into small industrial 
applications. In 1839, William Grove developed the first ‘gas voltaic battery’, which can 
be seen as a forerunner of modern fuel cells. Based on the advances made by Nicolson 
and Carlisle, he was able to produce  the reverse reaction. The combination of hydrogen 
and oxygen under controlled conditions produces water and an electrical current. The 
name ‘fuel cell’ was introduced when the first practical device using air and industrial 
coal gas was developed.  
With the growing fuel cell market in 1898, hydrogen storage became of increasing 
interest. During that time, James Dewar developed a technique to liquefy hydrogen. 
Using  liquid nitrogen to precool gaseous hydrogen and subsequent expansion of an 
insulated vessel, he created  liquid hydrogen. This ‘Joule-Thompson Cycle’ made it 
possible to liquefy hydrogen and store it effectively over a long period of time.  
After many years of industrial growth, OPEC (Organization of Petroleum Exporting 
Countries) suggested that the era of cheap oil had ended. As a result, the DoE 
(Department of Energy) was founded in 1977 which controls and manages different 
alternative fuel based projects. Beginning in 1990, efforts in basic research became 
visible and found their way into industrial applications. The first solar powered hydrogen 
production plant was established in 1990, followed by the first fuel cell engine car in 
1994. [2, 6]. 
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1.3. Hydrogen Technology in Modern Society 
 
The world energy crisis in the early 70’s of the last century, foreshadowed the 
consequences of the limitations of fossil fuels. During that time, hydrogen technology 
was established as one of the most important alternative technologies for two main 
reasons; global warming and security of energy supply. 
The transportation industry turned to be the most propelling factor for hydrogen related 
development. Reasons for that are clear; fossil fuels are limited and will become more 
expensive within the following decades. Therefore, the development of alternative fuels 
became a major interest. Global warming is the second important reason to focus 
research on alternative fuels. The transportation industry realized the strong influence of 
pollution in politics and science. The steadily increasing amount of vehicles on the 
streets causes toxic greenhouse gases such as CO2, CO and Cm,Hn, which seem to be 
responsible for the global warming. 
Regarding environmental aspects, the term “sustainability” grew to a major component of 
modern technology. By definition, sustainability is a process where the same amount of 
resources is taken from nature as it can produce. Looking at today’s growing industry, it 
is of high interest to upgrade existing technologies and develop novel devices. 
Today, 80% of the total energy consumption is provided by fossil fuels. The remaining 
20% are provided by nuclear and renewable fuels, respectively (6.5% nuclear, 13.5% 
renewable). These numbers show the weight of fossil fuels in current society and the 
need for a transition to renewable energies. 
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Figure 1 Vision for a Hydrogen based Technology[2] 
 
Figure 1 visualizes the overall vision for a hydrogen based technology. Hydrogen itself is 
just an energy carrier. Therefore, devices which transform internal energy into electric 
energy play a crucial role in the whole infrastructure. 
The whole hydrogen infrastructure can be broken down into different aspects; hydrogen 
delivery, hydrogen production, hydrogen storage and the end use of hydrogen. All 
different fields include their specific safety issues, codes, standards and international 
partnership. Each of these aspects has to be regarded separately and solutions for each 
problem have to be found individually. In present, four crucial points which might 
determine the success or failure of the hydrogen technology are known. 
• How can hydrogen be produced by sufficient amounts from renewable energies? 
• In which form will hydrogen be transported, either gaseous or liquid? 
• How can hydrogen be stored effectively in terms of storage density, cost and 
safety? 
• How can the efficiency be enhanced? 
6 
Out of all open points, hydrogen production and hydrogen storage are the most critical 
points and will be discussed in detail in Chapters 1.4.1 and 1.4.2. 
However, hydrogen technology and its applications take a special place in the current 
market, even though an annual amount of 10.54 billion tons of oil equivalent (2005) are 
consumed with steady rising tendency. 
 
 
In order to establish hydrogen technology in modern society, one has to focus on 
innovative and new technologies. Depending on the working conditions, different types of 
fuel cells are the bridging factor. Hydrocarbons are not  a long term solution, whereas 
hydrogen as a fuel, provided by renewable energies (wind, water and biomass), is the 
key to a clean environment. Cost plays an important role in the economics. As shown in 
Figure 2, the gap between costs of fossil resources and hydrogen is big, as predicted. 
The main reason for that is the inexpensive hydrogen reformation from natural gas. 
Natural gas as an energy source will be the only possible method to provide for the rising 
demand of energy for the next decade. 
Figure 2 Overview of Fuel Costs [2] 
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Figure 3 Prize development in $/kW vs. time[2] 
 
Figure 3, above, visualizes the price development of energy provided by hydrogen within 
the last years. As a result of high scale production processes, the price for energy per 
unit decreases. Therefore, the goals for industry are clear: Encouragement of high scale 
production lines in order to adapt prizes of energy made from hydrogen to those on 
energy made by fossil fuels. 
As a short conclusion, hydrogen itself is a promising material as an alternative to fossil 
fuels due to its physical properties and characteristics. Yet, for a successful transmission 
into a hydrogen based technology, key problems such as storage and production have to 
be solved immediately. The success or failure of that technology will depend on the key 
questions mentioned above [1-3, 6]. 
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1.4. Key areas of Hydrogen Technology 
 
The transition to a hydrogen based infrastructure depends on several factors. Besides 
cost, which is a major factor in industrial application, technical challenges have to be 
solved, too. Main factors therefore are hydrogen production and hydrogen storage. Both 
aspects are supposed to have great influence over the success or failure of the 
technology. 
1.4.1. Hydrogen Storage 
 
As previously mentioned, hydrogen storage is one major aspect of this technology 
and a great challenge to reach the process of commercialization. Aspects of safety, 
storage density and reversibility are of main interest in the field of hydrogen storage.  
Depending on country and continent, governmental organizations control national and 
international research. In the United States, the Department of Energy (DoE) oversees 
that task. It also sponsors different research groups and organizations. In order to 
integrate alternative fuels successfully into the existing infrastructure, it sets individual 
requirements and guidelines to each technology. Therefore, the overall aim is to 
introduce fuel cell powered cars with driving performances comparable to modern 
gasoline powered cars as soon as possible. Regarding commonly used hydrogen 
storage systems, it is from major importance to invent methods which allow an 
equivalent gravimetric and volumetric storage density to existing gasoline tanks. 
Due to its physical and chemical properties, hydrogen can be found in various forms, 
depending on the ambient conditions such as pressure and temperature. The solid state 
phase appears at low temperatures (11.15°K) with a density of 70.8
. The liquid phase 
exists at a small temperature range between the triple point and the critical temperature, 
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with a density of 70.6
. The gas phase can be found at higher temperatures with a 
density of 0.0898
. Depending on its phases, different methods to store hydrogen are 
possible [1]. 
 
High pressure storage 
High pressure storage tanks are the most commonly used storage systems right now 
and are working in a pressure range of 20- 80MPa. Their volumetric density is 36
, 
which is approximately half of that of a liquid hydrogen storage system. Because of their 
safety issues, these kinds of tanks are inadequate for mobile and portable application.  
 
Figure 4 Gravimetric storage density dependent on pressure[1] 
 
Typical for high pressure vessels is the decrease in gravimetric storage density with 
increasing pressure. An obvious reason for that are thicker walls and the improvement of 
the factor of safety of the systems.  
10 
For stationary application, high pressure tanks are still of major interest. A lot of research 
work is spent in order to improve existing storage tanks, especially on the use of novel 
materials. Industry has set itself a goal of reaching a gravimetric storage density of 6wt 
%, which is about double of the storage density that is reached with common steel 
vessels. 
Another important aspect regarding high pressure storage tanks is the amount of energy 
used to compress the gas to its final state. The theoretical value for that is given by the 
following equation 
 
 ∆   	 
 	 ln  1.1 
 
where G, the free Gibbs energy, R, the gas constant (R= 8.314
	 ), T, the absolute 
temperature and p and p0, the end pressure and starting pressure. The theoretical value 
for a compression from 1MPa to 100MPa is 2.21
  and is seven times higher in a real 
process [1, 7, 8]. 
 
Cryogenic Storage 
Liquid storage methods work at temperatures of 21.2°K and are an alternative in high 
scale application to high pressure tanks. Due to their boiling rate and the resulting 
hydrogen vapor, cryogenic must be open systems, which imply a valve to release 
gaseous hydrogen. That fact makes them similar to high pressure tanks, unsuitable for 
mobile and portable application.  
Main challenges in this field of research are lowering the boil off rate and the 
improvement of the liquefaction process. Due to the coexistence of two states, para and 
ortho, hydrogen needs a special liquefaction treatment: hydrogen needs to be precooled 
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with liquid nitrogen. During that process, the spin of the electrons change from parallel to 
antiparallel. As a result, its state changes from ortho to para. Even though the 
transformation is an exothermic process, it needs to be catalyzed. The catalytic process 
is realized by precooling with nitrogen down to 35°K. The most common liquefaction 
process is the Joule Thompson process, developed by Linde, Germany, where the gas 
first will be compressed and then cooled. After an isenthalpic expansion, some amount 
of hydrogen liquefies. This liquid hydrogen will be separated from the residual gas  
[1, 2, 7, 8]. 
 
Metal Hydrides 
Another hydrogen storage method is the adsorption of hydrogen in solid state materials. 
Thereby it can be distinguished between physisorption and chemisorptions. 
Physisorption describes the binding between hydrogen in the gas phase and the solid 
state phase caused by weak physical van der Waals forces. The interactions have their 
origins in the fluctuations of the electron distribution of the molecule and the surface.  
 
Figure 5 Interaction between Hydrogen and surface [1] 
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As shown in Figure 5, the interactions between the gas and the solid phase depend 
strongly on the distance between each other. At a discrete distance between the 
hydrogen molecule and the surface, the potential energy reaches its minimum. At this 
point, the bond between hydrogen and the surface is stable. In general, the distance 
between molecule and surface is approximately 1 atom radius and the energy minimum 
corresponds to 1-10
 [1]. Gas adsorption processes caused by physisorption are 
always of molecular form and take place at low temperatures. Therefore, the maximum 
storage density is limited by 1 monolayer, the so called Langmuir monolayer, of gas on 
the surface at temperatures near the liquefaction point.  
The second adsorption process is called chemisorption, where hydrogen atoms and 
surface atoms bond covalently. This process is characterized by stronger bonds than the 
bonds caused by physisorption.  
 
Figure 6 Potential Energy in relation to distance to surface [1] 
 
Figure 6 describes the potential energy between the hydrogen atom and the surface as a 
function of the distance. The first peak characterizes physisorption processes, which 
mostly act as a pre- reaction to chemisorption processes, whereas the peak next to the 
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surface characterizes the bonds of the chemisorption process. It is recognizable, that the 
distance to the surface is much smaller compared to the physisorbed bond. Comparing 
the height of the two peaks, which is an indicator of the strength of the bond, it becomes 
clear that the bond itself is stronger than that of a bond caused by physisorption. In 
general, physisorption is a precursory process to the chemisorption. Due to their 
covalent character, bonds caused by chemisorption are much stronger than bonds 
caused by physisorption and need either an external activation process or high 
temperatures to take place.  
Metal hydrides are a serious candidate as storage materials. In general, a metal 
hydride is defined by the mode of adsorption of the hydrogen atom into a metal lattice. 
Depending on the surface atoms, hydrogen can form ionic, covalent or metallic bonds 
with its partners. As a result, one classifies metal hydrides into different groups, 
depending on their composition.  
• AB5 (LaNi5) 
• AB2 (ZrV2,ZrMn2) 
• AB3 (CeNi3,YFe3) 
• A2B7 (Y2Ni7,Th2Fe7) 
• A6B23 (Y6Fe23) 
• AB (TiFe,ZrNi) 
• A2B (Mg2Ni,Ti2Ni) 
 
A and B stand for the metal with strong and weak affinity, respectively, to form a hydride. 
The reaction kinetics of the hydride formation can be described by a one dimensional 
potential energy curve shown in Figure 5, which is also called Lennard Jones potential. 
After overcoming an activation barrier, hydrogen atoms are able to dissolve into the 
14 
surface lattice of the material. In that chemisorbed state, the hydrogen atoms can diffuse 
into the interstitial sites in the bulk without the need of external energy.  
Depending on the hydrogen concentration in the lattice, two possible phases coexist. At 
low concentrations, the α- phase dominates, where H-H interactions can be neglected, 
whereas at higher concentrations, the β- phase emerges with remarkable H-H 
interactions dominating.  
Regarding to the thermodynamic aspects of a hydride formation, one can state that the 
solubility of hydrogen into the metal lattice is a function of pressure and temperature in 
the following relationship: 
      	 
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Figure 7 Hydride Formation [1] 
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The hydride formation can be described in its general form by a pressure composition 
isotherm. Basically, the curve can be divided into 3 parts. At low hydrogen 
concentrations, internal pressure increases with only minor hydride formation. With 
increasing pressure a flat plateau appears, which indicates the formation of the hydride 
and is characterized by the coexistence of α- and β- phase. At high pressures, the third 
part describes the hydride behavior at high hydrogen concentrations.  
The isotherm also proves the temperature dependency of the hydride formation. 
Furthermore, the plateau describes the hydride formation,  
 
   0.5 	  	 " # "$   ∆% 1.3 
 
where M stands for the metal, H for hydrogen and ∆Q for heat. This reaction is 
characterized by the equality of the chemical potential of hydrogen in the two phases, the 
atomic state and the bond [9]. 
 0.5 &   &',) 1.4 
 
Under consideration of statistical thermodynamics, Equation 1.4 leads to the following 
expression, 




  1.5 
 
where ∆H and ∆S stand for the enthalpy and entropy, respectively, p and p0 for the start 
and end pressure, respectively and R for the gas constant [9]. 
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Plotting this curve in terms of p over 1/T leads to a curve presented in Figure 8 called 
van’t Hoff plot.  
 
 
The slope of the curves is equal to the change of enthalpy divided by the gas constant, 
R, as shown in Figure 8. Furthermore, the intercept of the curve is equal to the change of 
entropy divided by the gas constant. Interpreting both terms entropy and enthalpy, one 
comes to the conclusion that the entropy characterizes the stability of the M-H bonds, 
whereas the enthalpy describes the heat evolution. 
It is known that general hydrides are not able to fulfill all the guidelines given by the DoE, 
such as 
• Reversible storage density ≥ 6wt % 
• Cost: ≤133$/kg H2 
• Cycle lifetime ≥1000 for mobile applications 
• Working temperature -30≤ T ≤ 100°C 
• Safety codes and standards 
Figure 8 Van't Hoff Plat of different Hydrides [1] 
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Therefore, research leads to more complex structures and mixtures of metal hydrides. 
As a result, doping of hydrides with alloys has been established as a common used 
method to improve the properties of the hydrides. 
In principal, three different doping methods are possible: 
• Doping of presynthesized material with an doping agent 
• Direct synthesis of the hydride under dopant presence 
• Hydrogenation of Al-Ti with hydride precursors 
Aspects such as the amount of dopant, preparation process and reaction time are of 
major relevance for the improvement of the physical properties of hydrides. A prime 
criteria for the applicability of metal hydrides as a storage medium is the dissociation and 
reversibility in the required temperature range. Since many structures already fail that 
requirement, sodium alanate has been established as a potential storage candidate. A 
potential material seems to be Ti doped sodium alanate. 
 
 
Figure 9 demonstrates the transition from NaAlH4 to Na and NaH, respectively. The 
decomposition of the tetrahydride to the pure element without a dopant starts with 
melting of the material at 186°C. Then, the melt de composes to release hydrogen at a 
Figure 9 Desorption Kinetics of NaAlH4 [2] 
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temperature of 240°C by forming the hexahydride. At  a temperature of 270°C, the 
hexahydride decomposes under H2 to release sodium hydride. In a last step, at 450°C, 
the hydride decomposes into its elements, sodium and hydrogen. The reaction of the 
doped tetrahydride shows significant differences in its kinetics. Unlike undoped material, 
this decomposition takes place in two steps and under more moderate temperatures. 
The tetrahydride starts decomposing at a temperature of 100°C and releases 3.7wt % of 
hydrogen. In that point, two phases coexist, Na3AlH6 and the Al phase. In a second step, 
the hexahydride decomposes at a temperature of 110°C to its final state NaH and 
release 1.9wt % of hydrogen.  
Even though the amount of desorbed hydrogen cannot be improved by adding a dopant 
agent, doping still has a great influence. As shown in the presented example, titanium 
doping leads to a significant decrease of desorption temperature, which is an important 
aspect for industrial application. Furthermore the reaction kinetics can also be improved 
by adding a dopant to the material [1, 2, 7-9]. 
 
1.4.2. Hydrogen Production 
 
Hydrogen as a raw material is of high importance in many different industries (e.g. 
chemical-, pharmaceutical-, electrical industry). Moving away from a fossil fuel based 
infrastructure to a hydrogen based infrastructure will cause a dramatic increase of 
hydrogen demand. Therefore factors like feedstock, availability, costs and product purity 




Figure 10 depicts the current world’s distribution of resources for hydrogen production. 
One can clearly see that 78% of the world’s hydrogen production is provided by 
hydrocarbons such as natural gas, coal or raw oil. In present, only a small amount of 
hydrogen is synthesized by sustainable processes such as water electrolysis or other 
“clean” methods. From an economical point of view, hydrogen from hydrocarbons is the 
cheapest opportunity due to the small energy amount used during the production 
process. Natural gas, a light hydrocarbon, is the most used raw material for the hydrogen 
production. In principle, three methods have been established for industrial hydrogen 
production and will be discussed in detail in the following [4, 10, 11]. 
 
1.1.1.1. Steam Methane Reforming (SMR) 
 
Steam Methane Reforming is one of the major manufacturing methods for the hydrogen 
production. More than 40% of the world’s hydrogen production is manufactured by SMR. 




Figure 11 shows a general build up of a SMR plant. Main stages of a SMR are 
desulfurization, catalytic reforming, CO conversion and gas separation. 
The catalysts in the reforming chamber and in the shift chamber are from high sensitivity 
against sulfur. Therefore, sulfur organic compounds in the natural gas need to be 
converted into H2S by a hydrogenation reaction. This process takes place prior to the 
reforming process itself in order to avoid toxication of the catalyst. After that, the 
desulfurized natural gas is fed into a second chamber, where it is mixed and reformed to 
hydrogen. According to the following reaction, 
 
 /"0   "12 3 3"1  /2         5"  206 89:;< 1.6 
 
hydrogen will be reformed in an endothermic reaction. In a second reaction, called water 
shift reaction, toxic CO is converted into CO2 represented by the following equation. 
 
 /2  "12 = /21   "1        5"  -41.2 89:;< 1.7 
 
Figure 11 Steam Methane Reforming Cycle [2] 
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In a last step, hydrogen is purified and separated from other byproducts. CO and CO2 as 
waste products were fed into a methanation reactor where they were converted to CH4 
[1, 4, 9-11]. 
 
1.1.1.2. Partial Oxidation (POx) 
 
Partial Oxidation is the second major hydrogen production process on a high commercial 
scale using hydrocarbons as feedstock. In that process, fuel and oxygen are combined in 
proportions that the fuel is converted into hydrogen. Basically, one can distinguish 
between catalytic and non- catalytic partial oxidation. Catalytic POx usually works at a 
temperature range of 600- 900°C, whereas the non ca talytic POx works at temperatures 
of 1100- 1500°C. In both cases, both heavy and ligh t hydrocarbons can be used to 
produce hydrogen due to the high working temperatures. The overall equation of the 
POx reforming process can be written as 
 
 /"?.@  :2 21 3 AB2 - C "1  :/2  "1. 1.8 
 
The equation indicates that the feedstock contains sulfur groups. Unlike SMR, these 
groups do not need to be removed from the feedstock. During the reforming process, 
these sulfur groups combine to "1. and will be removed from the product in a later 




Figure 12 shows a general composition of a reforming facility. After the partial oxidation, 
which is the first step of the reforming process, the CO shift reaction takes place. This 
reaction converts the toxic CO to CO2. In a later process, the residual CO2 can be 
converted into CH4, which acts as the fuel for the SMR. Afterwards, the toxic sulfur 




1.1.1.3. Water electrolysis 
 
The electrolysis of water is a promising alternative to both Steam Methane Reforming 
and Partial Oxidation. The advantage of this method is clear: Unlike POx and SMR, the 
electrolysis of water is a zero- COx emission process, and therefore an important step 
towards a hydrogen based infrastructure.  
Figure 12 Partial Oxidation Cycle [2] 
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Even though, electrolysis is less cost effective than both other production processes, it is 
obvious why the following aspects outline the importance the importance of this 
technology 
 
• Water is more abundant than hydrocarbons are. 
• Costs must be seen in the overall system 
• Electrolyzer may be embedded into existing systems 
• Electrolysis is a long term solution 
 
Taking these aspects into the overall system, electrolysis becomes interesting not only 
for niche applications, but also for high scale commercial applications. The basic 
principle of electrolysis is the dissociation of water into its elements hydrogen and 
oxygen. Basically, one distinguishes between two possible electrolyze methods, the solid 
polymer electrolyte method and the liquid electrolyte method. Both methods share the 
same principle but differ in the electrolyte. The following will discuss the working principle 
method in detail. 
 
 
Figure 13 Working Principle of the Electrolysis [2] 
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Figure 13 depicts the general buildup of a liquid electrolyzer. At first glance, the general 
build up seems to be simple, with the main parts being a membrane, two electrodes and 
the electrolyte. Basically, the electrolyzer is a fuel cell, working in reverse mode. 
Between cathode and anode lies a potential, which initiates the ion movement in the 
electrolyte, depending on their charge. The O2- ions are forced to the anode, whereas the 
H+ ions are forced to the cathode. As a result, oxygen ions and hydrogen ions are 
separated in the membrane and accumulate at their electrode. At the electrode, the ions 
neutralize and form H2 and O2 molecules, respectively. In a following step, both gases 
are purified and channeled to a storage tank.  
The principle of water electrolyze is a long known process, and as a result, modern 
processes are highly optimized. In present, modern electrolyzers reach efficiencies of 
75% and are able to convert more than 100kg hydrogen per hour with a high purity 
(99.999%). Based on that, electrolyzers seem to be a promising alternative hydrogen 
production method to SMR and POx [1, 4, 9-12]. 
 
1.5. State of Art and Future Challenges 
 
The transition to a hydrogen technology based infrastructure requires a general concept 
beginning with the production of hydrogen to the point of energy conversion and energy 
storage. As previously mentioned, hydrogen production and hydrogen storage will be the 
two key aspects determining the success of this technology.  
Modern hydrogen production methods can be distinguished between fossil fuel 
based production processes and renewable energy based production processes. In 
present, mainly fossil fuel based methods are used for high commercial production. 
These techniques are on the latest standard and work with high grades of efficiency. As 
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a result, existing technologies can hardly be upgraded, so a significant CO2 reduction 
should not be expected by developing new techniques. The only alternative to reduce 
CO2 emission in the production process is a transition to a renewable energy based 
production concept. In present, many concepts are auspicious and might be a serious 
alternative to current production methods. Particularly, the combination of water 
electrolysis with wind, solar or nuclear energy seems to be a promising alternative. 
These techniques are, because of the current state of art, the only possibilities to 
produce “green” hydrogen. Compared to fossil fuel based production methods, all other 
methods are relatively undeveloped and cannot accommodate the hydrogen demand. 
High scale applications are either too expensive or their grade of efficiency is too low to 
ensure a constant hydrogen supply. 
Hydrogen storage is the second major challenge to a hydrogen based infrastructure. 
Especially for mobile applications, storage is still a critical aspect because both, high 
pressure and cryogenic storage systems, due to their safety risks, are not preferable.  
 
High Pressure Storage Systems 
High pressure vessels are commonly used storage systems for stationary application.  
 
Figure 14 Development of High Pressure vessels [1] 
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Figure 14 depicts the development of modern high pressure vessels within the last 50 
years. The transition from Type 1 steel vessels to lightweight polymer and fiber vessels 
enabled permanent new areas of application. Modern fiber vessels can hold a pressure 
up to 1000MPa, which is a factor of 10 more than commonly, used steel vessels. In the 
course of time, the requirements of storage tanks have changed. Modern hydrogen tanks 
need to fulfill regulations given by industry and governmental institutions. 
• Compatibility to hydrogen 
• Compatibility to extreme temperature changes (-50°C to +85°C) 
• Compatibility to variety of pressurization modes 
• Resistance to external corrosion 
• Safety 
In order to fulfill these requirements, polymers and fibers were developed which allow 
higher pressures and higher storage densities compared to steel vessels. It is still 
unclear if these systems will replace current vessels because mass production, which 
would lead to a cost reduction, is not yet guaranteed. Furthermore, standards and clear 
guidelines to suppliers and systems do not exist, which results in unreliability of current 
systems [1, 2]. 
 
Cryogenic Storage Systems 
Besides high pressure vessels, cryogenic storage tanks found their way into commercial 
applications. Due to their high storage density and their cost efficiency, cryogenic tanks 
are a serious alternative to high pressure tanks in stationary applications. Due to their 
safety risks, no high scale mobile application based on this storage method is planned. 
One main challenge connected with these systems is the minimization of heat leaks, 
which cause evaporation of hydrogen gas. In applications with long stand by periods, this 
can result in dramatic fuel loss. For cryogenic systems, weight is an even more 
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challenging aspect since many peripheral devices are required to guarantee a working 
system. Since the gravimetric storage density is related to the weight of the whole 
system, development of lightweight materials such as aluminum alloys are of high 
importance. The safety issue is a major aspect for cryogenic storage systems as well as 
in high pressure tanks. Basic requirement of low temperature tanks are the following: 
• Double walled cladding 
• Withstand extreme temperatures (-250°C) 
• Withstand high vacuums 
• Compatibility against outer influences (mechanical, chemical) 
Existing commercial vessels share a storage capacity of 5kg- 12kg and consist of two 
walls which are perfectly adapted to the conditions. Modern refueling stations prevent the 
boil off by sucking evaporated hydrogen to the station during the refilling process. There, 
the hydrogen gas is stored, liquefied and transported back to the customer. 
For a successful implementation of a hydrogen based infrastructure, improvements in 
areas of thermal management, pressure behavior and materials have to be made [2]. 
 
Metal Hydride Storage Systems 
Another possibility to store hydrogen effectively is the solid state metal hydride system. 
In present, over 200 different materials are found, analyzed, and characterized in terms 
of hydrogen adsorption, reaction kinetics and material costs.  
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Figure 15 Overview of existing Materials [12] 
 
Figure 15 shows a brief overview of existing materials and their storage capacity. 
Requirements given by industry and governmental institutions already exclude many of 
these materials as a potential candidate for mobile application. Besides finding a fitting 
material which fulfills all requirements, technical challenges such as thermo 
management, volume change and hydrogenation rates need to be solved as well. 
Currently, no material has been found, so the search for alternatives has begun [1]. 
 
Borates 
Borates, metal organic frameworks and zeolites might be an alternative to metal 
hydrides. Borates are chemical compounds which are based on a reaction of a metal 
with boron in a hydrogen ambience. A general equation can be written as follows 
 
   D  2"1 3 ED"0F 1.9 
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where M is the metal and B is the chemical symbol for boron. The general structure of 
these compounds is not yet clearly described due to controversial results between X-ray 
and neutron diffraction, but promising results in terms of storage density and desorption 
kinetics could be achieved [1]. The bond between the metal atom and the boron atom is 
of main interest because it characterizes the stability of the borates. Since this bond is of 
covalent character, all existing borates have a high stability, as shown in Figure 16.  
 
 
Figure 16 also describes how borates decompose. Lithiumborate decomposes reversibly 
under hydrogen adsorption to the stable LiH. In present, Borates are not usable for 
commercial application due to their unfavorable thermodynamics and their inadequate 
storage density [1]. 
 
Zeolites 
Zeolites, which are 3 dimensional silicate structures with isomorphous replacement of 
Si4+ ions with Al3+ and SiO2, ought to be another alternative to metal hydrides.  




Figure 17 shows the general structure of possible zeolites, where the corners represent 
aluminum or silicon atoms and in between oxygen atoms, which bridge neighboring Si/Al 
atoms. These high porous structures are able to adsorb and desorb molecules such as 
hydrogen in their structure. Zeolites will probably not find their way into commercial scale 
application. The storage density of these materials lies between 0.3% - 1% depending on 
the temperature, where 0.3% is reached at room temperature. These materials might 
find their utilization in low temperature niche applications [1]. 
 
Metal Organic Framework 
Metal organic frameworks (MOF) are porous polymeric structures which consist of metal 
ions linked together through organic ligands.  
 
 
Figure 17 Structure of Zeolites [1] 
Figure 18 Structure of Metal Organic Frameworks (MOF) [1] 
31 
Figure 18 depicts 3 different MOF structures where molecules such as hydrogen can be 
absorbed into their structure. Each of these suprahedron structures is hold together over 
organic chains to form complex cubic structures. Similar to zeolites, MOF might not find 
their way to high scale mobile application due to their reaction kinetics. Unlike zeolites, 
MOF reach storage densities of 4.5%, but under a temperature of 78°K, which is too low 
for mobile application. At room temperature, the storage density decreases to 1% at 
ambient pressure of 20bar.  
Due to the lack of knowledge, especially in the field of zeolites and MOF, it is hard to 
predict their future place in a hydrogen based infrastructure. Their complex structures 
give the possibility to investigate an infinite number of new structures, where some might 
be applicable for mobile application. Therefore additional research work has to be done 
in the near future [1, 4, 6-8, 10, 11]. 
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1.6. Hydride production methods 
 
In principle, metal hydrides can be synthesized based on chemical reactions or in a 
mechanochemical way. Both methods are described in detail in the course of the 
chapter. In general, metal hydrides are highly reactive with water and moisture. 
Therefore, it is of high importance to prepare all hydrides in an inert gas atmosphere. 
Preferred are all noble gases, particularly nitrogen or argon for two main reasons: their 
low affinity to react with the material and their low thermal conductivity.  
 
1.6.1. Chemical Synthesis 
1.6.1.1. Description 
 
Standard glassware used for handling under inert gas is called Schlenk Glassware, 
named after its innovator, Wilhelm Schlenk. The basic buildup of a Schlenk line is 
depicted in Figure 19. 
 
 
The Schlenk line consists of several glass tubes and plugs, depending on the size of the 
line. On the one side, the line is connected over a valve with the purge gas vessel. On 
the other side, a vacuum pump is connected to the line in order to ensure the evacuation 
Figure 19 Schlenk Glasware apparatus[2] 
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of the apparatus. Many commonly used Schlenk lines also have a low temperature trap 
which additionally cleans the inner atmosphere from residual gases and moisture.  
The synthesis of hydrides requires an extreme clean inert atmosphere because already 
traces of moisture will cause effects on the purity of the sample. Several standard 
methods have been developed in order to dry the inner system of the apparatus. One 
possibility is the evacuation and then the refilling of the apparatus with purge gas. This 
procedure will be repeated until the desired quality of inert atmosphere is reached. 
Another standard method is the evaporation of residual moisture by heating all parts to 
130˚C. In most cases, a combination of both methods is used to prepare the Schlenk line 
for a metal hydride synthesis. Therefore, all tubes and connections were heated and 
then plugged. This process is followed by an evacuation and refilling cycle until the 
desired inert atmosphere can be provided [1, 2, 7]. 
 
1.6.1.2. Synthesis of Hydrides 
 
The chemical synthesis of metal hydrides is based on the equilibrium between the 
hydride phase and the precursor phase and will be discussed in the following by the 
example of sodium aluminum hexahydride. 
The synthesis of the metal hydrides can be done either in a double step reaction given 
by following reaction equation 
 
 GH  I<  2"1 3 GHI<"0 1.10 
   
 
 
GHI<"0  2GH" 3 GHJI<"K 1.11 
or in a single step reaction as described below. 
34 
 3GH  I<  3"1 3 GHJI<"K 1.12 
   
Both procedures result in the same product but differ in the reaction conditions. 
Observing the 2 step reaction, the first reaction step takes place at temperatures of 270°- 
280°C and a pressure of approximately 175bar, where as the second step takes place at 
a temperature of 165°C and a pressure of 140bar occ urs. In contrast, the direct 
synthesis of Na3AlH6 takes place at a temperature of 165°C but a pressu re of 350bar. In 
the beginning of the 2 step reaction, precursors sodium, aluminum and hydrogen react in 
a tetrahydrofuran solution to NaAlH4 as described in Eq. 2.1 to NaAlH4. The resulting 
material, NaAlH4, is purified and separated from the precursor material. Afterwards, ether 
will be added to the solution, which causes sedimentation of NaAlH4. In a last step, 
NaAlH4 is going to be vacuum dried and a white crystalline powder from high purity 
remains as product. In the second step, the final product, Na3AlH6 will be synthesized 
from the two precursors NaAlH4 and NaH in a heptane solution based on Equation 2.2 
under discrete outer conditions.  
The final product is again separated from the solution in order to receive the end product. 
Filtration and vacuum drying are the last steps for the chemical synthesis of the metal 
hydride. The chemical synthesis results in a white metal hydride powder from high purity 
which can be analyzed depending on its claims. Metal hydrides as a commercial storage 
product need to be doped with alloys in order to adjust the physical properties to the 
working conditions.  
For chemical doping, the metal hydride will be mixed with the dopant in an ether solution. 
In most cases TiCl3 acts as the dopant precursor and forms in a chemical reaction the 
titanium doped Na3AlH6. As a reaction product between the two precursors, hydrogen is 
formed and fumigates from the solution. As soon as the hydrogen evaporation stops, the 
reaction equilibrium is reached and the overall reaction comes to an end as well. In a last 
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step of the synthesis, ether is removed and the residual end product powder vacuum 
dried. The resulting product is a Ti- doped Na3AlH6 powder [1, 7-9]. 
 
1.6.2. Mechanochemical Synthesis 
 
Besides the chemical synthesis, mechanochemical synthesis emerged as a second 
synthesis method due to its high grade of simplicity. High energy ball milling is an easy 
and effective method to produce many nanoscale metal hydride powders. The milling 
process has significant impact on the later product and has to be chosen carefully. One 
distinguishes between different variances of ball milling.  
Mechanical alloying describes the generic term of mixing and milling different powder in 
order to improve their physical and chemical characteristics, respectively. During that 
process, the material can either change its state from solid to any other state or it can 
stay in its original state. The change of state can be influenced by several parameters 
such as energy, material, or ball milling time. 
Another form of ball milling is mechanical milling. Unlike mechanical alloying, where 
material transfer is obtained, mechanical milling only leads to a change in grain size and 
surface area. A main advantage of this method compared to mechanical alloying is the 
reduction of milling time. Gaining the same effects as mechanical alloying processes, the 
process time is reduced by 50%, which results in increased quality and purity of the 
sample. 
Reactive ball milling is a process connected with a chemical solid state reaction. This 
method is attractive for the metal hydride synthesis. Precursors of the metal hydride are 
charged together in their molar ratio and milled under a hydrogen atmosphere. During 
the chemical synthesis, high effort has to be spent on a clean system because existing 
traces of impurities can have dramatic effect on the final product. The reactive ball milling 
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method enables a riskless way to synthesize complex hydride structures. Additionally, 




Chemical synthesis is generally time consuming and could become complex, whereas 
ball milling is an easy and effective way to produce nearly every possible metal hydride 
composition. The precursors are mixed in the desired ratio and loaded with the graining 
balls in a vial. Special attention has to be paid to the material of both, balls and vial. 
During an unclean synthesis, samples could be cross contaminated by vial and milling 
medium. Therefore, the material of vial and balls has to be chosen carefully in order to 
minimize impurities. Vial and balls should be made of a material which is nonreactive 
with the sample material but also harder than the material itself. 
During the milling process, the powder is trapped between the balls or between vial and 
balls. As a result, plastic deformation occurs which is linked to an increase of the particle 
temperature. Another outcome of the collisions during the milling process is fracturing of 
particles which results in an increase of the reaction rate of the material [2, 7, 8].  
At this point a phase transition and the process of alloying takes place. Depending on 
factors such as rotation frequency, ball to powder weight ratio, milling time or number of 
balls, median grain sizes of 1-100nm can be controlled synthesized. Different types of 
ball mills have been established for laboratory applications. Nanoscale metal hydrides 
were mostly produced with planetary ball mills. In these mills, the balls and the vial rotate 
around their own axis on a counter rotating disc, as displayed in Figure 20. 
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Figure 20 Planetary Ball Milling Method [2] 
 
Shaking ball mills are another commonly used form, where balls and vial swing in a 
complex motion combined with a forward and backward motion, as illustrated in  
 
 
Figure 21. Since the hydride formation is a temperature and pressure dependent 
process, conditions in the vial are of major interest. Telemetric sensors in the vial have 
been developed in order to provide information about inner conditions, even if the vial is 
in motion. Pressure and temperature signals were transmitted via radio signals to outer 
parts of the mill and can be analyzed in real time. These data give information about the 
impact of pressure and temperature on phase transition [2, 7, 8]. 
Figure 21 Shaking Ball Milling Method [2] 
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1.6.2.2. Important Parameters 
 
Parameters such as ball milling time or the addition of catalysts have significant influence 
on the hydrogen desorption behavior. In the following, the impact of these parameters on 
the behavior of discrete examples is presented.  
 
1.6.2.2.1. Particle Size 
Particle size is a parameter, which can be controlled by varying the ball milling time. In 
general, size decreases exponentially with the milling time. After few minutes of ball 
milling, particle sizes of a few microns can be reached. However, in the early years of 
hydride research, MgH2 was expected as one of the promising storage materials due to 
its high storage density of 7.7wt %.  
 
 
Figure 22 depicts the hydrogen adsorption as a function of time. In this experiment three 
samples have been analyzed, which differed from each other in their grain size (1µm, 
50nm and 30nm). The diagram shows the enhanced adsorption dynamics of the sample 
Figure 22 Influence of Particle Size on Desorption Kinetics[2] 
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with the smallest grain size. Regarding the hydrogen adsorption at 120 minutes, samples 
with a grain size of 30nm and 50nm absorbed ~6wt. %, whereas the third material 
showed no significant hydrogen adsorption. Comparing the first two samples with each 
other, the optimized reaction kinetics can be recognized. At the first sample, 90% of the 
whole hydrogen is adsorbed after 60 minutes, whereas at the second sample 85 minutes 
passed until it reached an equivalent value for hydrogen adsorption [2]. 
 
1.6.2.2.2. Catalytic Dopants 
Dopants such as titanium or vanadium are commonly used methods to improve the 
reaction kinetics and thermodynamics of a metal hydride. Sodium alanate is a complex 
metal hydride, with sodium and aluminum as its host material. Its ability to store 
reversible 5.6wt % hydrogen under moderate condition made it a promising material, 
especially for mobile applications in the beginning of hydride research. It decomposes in 
two steps, as shown in the following reaction, 
 
 3GHI<"0 # GHJI<"K  2I<  3"1 # 3GH"  I<  1.5"1 1.13 
 
where the first reaction takes place at 33°C and th e second reaction at 110°C. By adding 
a dopant, in this case TiCl3, into the reaction, it is supposed to change the 
thermodynamics of the reaction. Therefore, the dopant is added and mixed with the 
material and reacts with the hydride 
 
 3GHI<"0  
L/<J 3 3GH/<  





Figure 23 shows the adsorption behavior of different samples depending on time. The 
samples are distinguished from each other by the amount of the dopant material. The 
dopant quantity was varied between 0.9% and 9.0%. With increasing dopant, a faster 
hydrogenation reaction is observable. 
In addition, the total amount of adsorbed hydrogen is also depending on the dopant. It 
came out that 2% of dopant in the material showed improved reaction kinetics, but also 




The transition to an alternative fuel based infrastructure depends on many major 
aspects. Hydrogen as a fuel for mobile and portable application seems to be a promising 
alternative to fossil fuels, due to its favorable physical and chemical properties. Main 
challenges for hydrogen based application are the hydrogen production as well as 
Figure 23 Influence of Dopant ratio[2] 
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hydrogen storage. Therefore, the Department of Energy set guidelines and requirements 
to each field to establish the systems as a serious alternative to existing technologies. 
Among all hydrogen storage systems, metal hydride based storage systems are seen to 
be the most promising systems for mobile applications. Metal hydrides consist of  
metal-hydrogen compounds, which share the ability to ad- and desorb hydrogen under 
certain condition. Guidelines, given by the Department of Energy, require the material to 
store at least 6.5wt % hydrogen reversible and to desorb hydrogen in a temperature 
range of 30-90°C. Current research focuses on eithe r sodium based alanates or boron 
based boranates, where both seem to be the best fitting materials referring to the 
guidelines and requirements.  
The synthesis of these materials can either be done in a chemical reaction under 
controlled conditions or in a mechanochemical synthesis method, where the precursor 
material is charged with grinding balls in a vial and milled. Parameters, such as milling 
time and the amount of grinding balls play a crucial role for the material characteristics 
and need to be chosen carefully for each material. The current study focuses on the 
synthesis of materials and characterization of their hydrogen desorption dynamics. 
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2. Experimental Methods 
2.1. Validation of the Synthesis Method 
2.1.1. Objectives 
 
The synthesis and characterization of an unknown material requires a preceding 
validation of the synthesis method and the performed analysis. Therefore, Li3AlH6 was 
chosen, synthesized and compared with published data. This particular system was 
chosen as a reference system because this material is well known and a multiplicity of 
data exists which makes a comparison easy. This method ensures the accuracy of later 
results and prevents errors in the course of research. Furthermore, a validation of the 
method enables eliminating flaws during the synthesis process. In the course of 
research, new materials are produced and analyzed in terms of hydrogen desorption 
temperature and desorption kinetics. In addition, dopants such as titanium chloride can 
be embedded into the material structure in order to change physical and chemical 
properties. The overall aim of this project is to synthesize a material which fulfills all the 
requirements given by both, DoE and industry [7, 8, 12]. 
 
2.1.2. Synthesis Methodology and Characterization 
 
Metal hydrides and their precursors have a high affinity to react with oxygen and 
moisture. Therefore, the whole preparation process needs to be done under a controlled 
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atmosphere in a glove box. Typical values for residual oxygen and moisture are below 
1ppm (parts per million). The glove box enables a safe and clean synthesis of the 
materials. Furthermore, it acts as a storage container, since the products cannot be 
stored under conventional conditions. Tools and devices must be baked out before they 
can be moved into the glove box. This process should remove moisture on their surface, 
which could cause a contamination of the inert atmosphere and the materials. Once all 
materials and devices are in the glove box, the preparation of the material can proceed. 
Based on the reaction equation, precursors are weighted and mixed in a fixed molecular 
ratio and charged into a vial. The vial for the ball milling consists of either tungsten 
carbide or stainless steel process and contains 6 steel balls. The choice of the vial 
material is important because it keeps contaminations of the material at less than  
0.3mol %. 
The vial, containing precursors and steel balls, is closed and moved out of the glove box 
and fixed in the ball mill. Since the phase formation and the material properties are 
related to the ball milling time, the process itself is an important and sensitive part of the 
material synthesis. Choosing too short of a ball milling time will lead to an incomplete 
phase formation and an impure sample. Milling the material too long will also have 
effects on the phase formation. At a certain point, the material starts to decompose, and 
impurities in the sample similar to a short milling time are observable. Depending on the 
material, typical values for milling times vary between 3 and 12 hours.  
When the milling process is finished, the vial is moved back to the glove box. The only 
critical point during the synthesis is the milling process itself and needs special attention. 
Once the material is synthesized, it needs to be analyzed in terms of its structure and 
hydrogen desorption kinetics. Since all materials are highly reactive with air and 
moisture, samples for the analysis need special treatment. A commonly used technique 
to protect the samples from ambient atmosphere during the structural analysis is to cover 
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them with Kapton foil. This foil protects the sample from moisture while only having a 
minor influence on the results. A structural analysis of the material is performed by X-ray 
diffraction (XRD), where X-rays hit the surface of the sample and measure the intensity 
of the reflected beam dependent on the angle. 
 
 B 	 M  2 	 N 	 sin θ 2.1 
 
This technique is governed by Bragg’s law, which links the distance between two crystal 
layers and the angle of the X-ray beam to create a characteristic intensity pattern of the 
material. Each material has its own characteristic pattern and can be identified by this. 
Comparing results with data from a database allows for the determination of the existing 
phases in the sample. Another advantage of this technique is the possibility to receive 
information about the purity of the sample. As mentioned, the ball milling process has 
strong influence on the phase formation. Therefore, it is of major interest to determine 
the optimal ball milling time. 
Besides a structural analysis, additional thermogravimetric analysis (TGA) and 
differential scanning caliometry (DSC) are performed. Both analyses enable a prediction 
about the reaction behavior and the hydrogen desorption of the material. The principle of 
a thermogravimetric analysis is based on the weight loss of the sample by increasing its 
temperature. In the beginning of the analysis, the material is put on a microbalance and 
the initial weight is measured. Then the sample is heated in the desired interval with a 
chosen heating rate under purge gas flow. The argon purge gas flow rate at the sample 
is 60mL/min ±0.02mL/min and avoids contaminations and unintentional reactions during 
the analysis. The weight change of the sample is a function of temperature. Depending 
on the strength of the bonds and the involved elements, a change in weight can be 
proved at a critical temperature. In the case of metal hydrides, the weight loss appears 
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when metal- hydrogen bonds split under the release of hydrogen. This information is of 
major interest because the critical temperature is an indicator to whether the material is 
practicable for mobile application or not. In addition, TGA analysis also shows the 
relative weight loss which is correlated with the amount of desorbed hydrogen. This 
aspect enables a prediction about storage density of the material, which is also a major 
criterion for their applicability. 
The other analysis method is called differential scanning caliometry (DSC), where the 
amount of energy is measured to keep the sample in equilibrium with a reference sample 
as a function of temperature. Therefore, the sample and a reference are put on a 
balance, and the whole system is heated to a desired temperature with a fixed heating 
rate. At a critical temperature, the material starts to alter chemically, what is connected 
with either energy adsorption or desorption. Depending on the bond characteristics, this 
alteration is of heat absorbing or heat releasing character. 
In the present study, this knowledge is important because the analysis gives important 
information about the sample characteristics. Materials with a high grade of stability are 
unfavorable for industrial application because of the high amount of energy that is 
required to desorb the hydrogen. These three analyses enable a clear overview of the 
structure, the chemical and physical properties of the sample, and allow for the decision 
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The precursors were weighted and mixed in a molar ratio of 2:1 under argon atmosphere 
in a glove box. The powder was charged with 6 steel balls in a stainless steel vessel and 
milled in a SPEX 8000 planetary ball mill for 3 hours. After the synthesis, the formation of 
the Li3AlH6 phase from its precursors, LiAlH4 and LiH, is confirmed by x-ray powder 
diffraction with a CuKα source. Balema et al. [13] proved the mechanochemical synthesis 
of Li3AlH6,  based on Equation 2.2. 
 
XRD Analysis 
The result of the XRD analysis is presented in Figure 24 and is in good agreement with 
published literature [14-16]. 
Figure 24 XRD pattern of Li3AlH6, 3 hrs. ball milled 
 
A comparison of the results with peaks from the JCPDF file indicates the formation of a 
Li3AlH6 phase with a high purity. However impurities from precursor material LiH and 





The sample holder without the sample need to be tare weighted in order to measure the 
net weight of the sample. Afterwards, the sample holder is moved into the glove box 
where the sample is prepared for the analysis. In this process, the sample is put on the 
microbalance and the automatic analysis is initiated by the experimenter. The time 
interval between putting the sample on the microbalance and starting the analysis is and 
needs to be as short as possible because the sample is exposed to air during that time. 
A temperature interval from ~25- 450°C was chosen w ith a heating rate of 10°C/min. The 
result of the TGA analysis of Li3AlH6 is presented in Figure 25.  
 
 
The TGA analysis provides two main pieces of information. The hydrogen desorption 
takes place in an interval between 193- 240°C, whic h is marked with two cross points. 
Furthermore, the TGA analysis provides information about the relative weight loss during 
Figure 25 TGA analysis of Li3AlH6 
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the hydrogen desorption. The sample lost ~5.3wt %, which fits well with the theoretical 
value of 5.5wt % reversible storage density [13, 17-20]. 
DSC Analysis 
The preparation of the sample holder is undertaken in the glove box under inert 
atmosphere due to the high affinity of the sample to react with moisture. Therefore, 
~10mg of material are put into the lower pan cup and then covered with the upper pan 
cup. After the cups are mechanically pressed with each other, the sample was tested for 
its hydrogen desorption behavior. The sample is heated from ~25- 400°C with a heating 
rate of 10°C/min, where the heat flow is recorded i n dependency of time. The sample 
shows the following result, presented in Figure 26.  
 
 
The result of the DSC analysis shows an endothermic phase transition in the 
temperature range from 190- 240°C. This result stan ds in good agreement with the result 
Figure 26 DSC analysis of Li3AlH6 
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of the TGA analysis. The DSC analysis proves that the hydrogen desorption is an 
endothermic process which consumes an energy amount of 4.8
  [13, 18-20]. 
Discussion 
The material was tested for its hydrogen desorption behavior. TGA and DSC analysis 
provided detailed information about desorption temperature and reaction characteristics. 
In the temperature range of 25- 190°C, the material  gains weight (approximately 0.8wt 
%) due to reactions of the sample with ambient air and moisture. These reactions cannot 
be avoided because the material is, prior to the analysis and in the beginning phase, 
exposed to air. The possible reaction during that time can be expressed in the following. 
 RLJI<"K  6"12 3 3RL2"  I<S2"TJ  6"1 2.3 
For the reaction with moisture 
 RLJI<"K  221 3 3RL2"  I<S2"TJ 2.4 
For the reaction with oxygen  
At a temperature range of 190- 240°C, the material starts to decompose under hydrogen 
release. The total amount of desorbed hydrogen is 5.3wt %, which is close to the 
theoretical value of 5.5wt % and is more than in published data [13, 21], which stated a 
hydrogen desorption of 2.5wt % for undoped material.  
This result is underlined with the results of the DSC analysis, where an endothermic 
peak of -4.8
  at a temperature of 200°C was proven. The peak ind icates that the 
desorption process is of endothermic character, which coincides with theoretical 
assumptions and published data [13].  
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Figure 27 Crystal structure Li3AlH6 
 
Figure 27 shows the crystal structure of Li3AlH6, which has a space group of R3U with 
lattice parameters “a”= 5.667Å, “b”= 8.107Å, and “c”= 7.917Å. The bond length between 
the aluminum atom and the hydrogen atoms is 1.74Å. The crystal has monoclinic 
symmetry, but the overall crystal structure remains unclear due to its rhombohedral 
pseudo symmetry [13, 22]. 
Two main factors are responsible for the hydrogen desorption temperature, the Al- H 
bonds and the enthalpy, ∆H, of the reaction. The bond strength depends on factors such 
as bond nature, bond length and crystal structure. In case of Li3AlH6, the bond is 
assumed to be of ionic character [22], with bond parameters mentioned above. The 
enthalpy, which describes the heat that needs to be induced to split the bond, is another 
major factor. For Li3AlH6, ∆H= -102.8kJ/mol. This value is correlated with the height of 
the peak from the DSC analysis, where the peak stands for the heat flow into the sample 
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during the phase formation. This value matches published data, where similar peaks are 
proved [13, 23, 24]. At temperatures beginning at 200°C, enough energy is induced in 




In conclusion, this experiment should primarily be used as a means to validate the 
synthesis method. In the sample preparation, the influence of the ball milling time on the 
final product becomes visible. The results of the structural analysis were compared with 
reference data from the JCPDF file and with results from published articles [1, 2]. This 
validation process was successfully proven. The results of the XRD analysis indicate that 
the phase formation of the material Li3AlH6 is from 90% - 95% purity, which is a good 
result for this synthesis method. The variation of the ball milling time during the synthesis 
process yielded good results for 3 hours of ball milling. This result leads to the decision 
for choosing a similar milling time for other materials as well. 
The hydrogen desorption kinetics are tested by TGA as well as DSC analyses. The 
pattern of the TGA analysis indicated within a temperature interval of 25- 190°C, an 
increase in weight due to reactions with the ambient atmosphere based on chemical 
reactions given in Equation 2.3 and 2.4. The hydrogen desorption process starts at a 
temperature of 190°C where the ionic Al- H bonds ar e split by inducing energy in the 
form of heat, equivalent to a value of ∆H= -102.8 kJ/mol [13, 23, 24]. The total amount of 
released hydrogen is 5.3wt %, which is close to the theoretical value of 5.5wt %. This 
result indicates the complete hydrogen desorption of the material. During this process 
the crystal structure with the space group R3U and monoclinic symmetry is broken into 
face-centered cubic LiH and molecular H2 [22, 25, 26]. The decomposition process is 
underlined by the results of the DSC analysis, where an endothermic peak with its 
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maximum at 200°C, indicates the phase transition. T he peak shows a negative 
(endothermic) peak with its maximum value at 4.8
 , which correlates with the value  
for ∆H.  
 
2.2. Singularly and Binary Hydrides: MH and MH 2 
2.2.1. Objectives 
 
The key conditions that will allow a material to act as a potential candidate as a storage 
medium is the amount of adsorbed hydrogen in respect to its molecular weight. 
Additionally, desorption kinetics have to be favorable in regards to desorption- pressure, 
temperature and desorption rate. Logically, the simplest materials are singularly and 
binary light weight hydrides. These hydrides consist of one alkali or earth alkali metal 
and one and two hydrogen atoms, respectively. The following materials were tested in 
the present study: 
• Singularly Hydrides: KH, LiH and NaH 
• Binary Hydrides: MgH2, CaH2 and TiH2 
Even though, the results of these analyses are known in most cases, it is important to 
validate the results. One of the objectives is to synthesize composites of these hydrides. 
Later attempts to synthesize new materials on the basis of these singularly and binary 
hydrides need to have an established understanding of the precursors behavior and 
characteristics. The aim of this study is the synthesis of a material which shares the 
advantages of each precursor while eliminating each individual’s drawbacks. There are 
two possibilities for the material synthesis, formation of a new compound and the 
formation of a composite. The materials mentioned above were analyzed according to 
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their composition and their hydrogen desorption kinetics. Structural analyses are 
performed by an XRD technique, whereas desorption kinetics are determined by TGA 




High quality materials are purchased and used as received. Analyses are performed by 
following the procedure described before. The preparation of the material is done in a 
glove box under an argon atmosphere due to the high affinity of metal hydrides to react 
with moisture. The structural analysis is done by an XRD technique, utilizing CuKα 
source with a voltage of 45kV and a current of 40mA. The scanning range was chosen to 
20°≤ 2Θ ≤ 90°.  
The storage density and the desorption temperature were analyzed with a TGA 
apparatus. Due to their affinity to moisture, two main aspects have to be taken into 
account. Commonly used nitrogen purge gas was changed into argon purge gas due to 
its unfavorable thermal characteristics. The sample was transported in a small plastic 
box from its point of preparation to the analysis apparatus in order to avoid 
contamination. Because of this, it was not possible to avoid all contamination, and there 
is a time frame of approximately 60 seconds when the sample might have reacted with 
moisture. The purge gas flow rate was adjusted to 60mL/min in the chamber, which 
implies an overall flooding of the chamber. In order to avoid interactions between 
residual gas and sample, purge gas right above the sample with a rate of 40mL/min is 
adjusted. Furthermore, samples were analyzed in a temperature range of 25- 400°C and 
800°C, respectively, depending on nature of samples  being tested. 
Main chemical characteristics, such as bond strength and desorption characteristics are 
analyzed by DSC. Results of the analysis provide information about the amount of 
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energy required to hold the sample in equilibrium. Related to that is the strength of the 
bonds between hydrogen and the host material. Results will also detect if the phase 
formation is of endothermic or exothermic character. As mentioned, samples are highly 
air sensitive, so that preparation of the pans is done in a glove box under an argon 
atmosphere. Unlike TGA analysis, the samples are placed in a closed pan, in order to 
eliminate contaminations during the transport. The apparatus is set on the same settings 
as at TGA analysis. According to the guidelines set by the DoE as well as the settings of 
the apparatus, the upper temperature value is limited to 400°C. 
 
2.2.3. Analysis 
2.2.3.1. Singularly Hydrides MH (M= K, Li, Na) 
2.2.3.1.1. Material 1: LiH 
 
Lithium hydride is one of the basic precursors of complex hydride structures. Due to its 
favorable molecular weight ratios between the two elements, the material has theoretical 
storage density of 12.7wt %, which is more than the other singularly hydrides. Further 




The XRD analysis will show the characteristic peak pattern of this material. Therefore, 
the sample was prepared in a glove box and tested under standard conditions. The 
characteristic lithium hydride XRD pattern is presented in Figure 28. 
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Figure 28 XRD analysis of LiH 
 
The XRD pattern of the sample correlated well with the reference pattern and identifies 
the material itself as well as the high purity of the material.  
 
TGA Analysis 
The TGA analysis is performed in order to receive information about the desorption 
temperature of the material. According to previous descriptions, the sample is prepared 
for the analysis and tested for its hydrogen desorption characteristics. The results of the 
analysis are given in Figure 29. 
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Figure 29 TGA analysis of LiH 
 
The TGA analysis provides information about the hydrogen desorption temperature and 
the amount of desorbed hydrogen in the interval of 25- 640°C. Starting at a temperature 
of 640°C, the material begins to decompose under hy drogen adsorption until 
approximately 680°C. The total amount of desorbed h ydrogen is 11.5wt %, which is 
lower than the theoretical value of 12.7wt %. Based on experiences gained, later 
experiments with this material are limited to 680°C  [27]. 
 
DSC Analysis 
As the TGA analysis already showed, hydrogen desorption takes place in a temperature 
interval of 640- 680°C. The DSC analysis is perform ed in order to provide information 
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about the chemical bond characteristics. Therefore, the material is prepared for the 
analysis as described previously. The results of the DSC analysis are given in Figure 30. 
 
Figure 30 DSC analysis of LiH 
 
As previously mentioned, the analysis does not yield any unexpected results. The initial 
drop at 25°C results from the calibration process a nd is not from interest in the course of 
analysis. The following steady decrease of the curve results from the reaction caused by 
uncontrollable side effects. The TGA analysis already showed a weight increase of the 
sample in this temperature interval. Those reactions are of endothermic character, which 
leads to a decreasing DSC signal. Those reactions are ignored as well because they are 
not related to the hydrogen desorption reaction. The DSC and the TGA result matches 
well since the TGA analysis showed a desorption reaction at 640°C and the DSC result 




The TGA analysis of the material shows within the temperature range of 25-640°C, a 
weight increase of approximately 2.5wt %. This behavior can be explained of interactions 
between the material and oxygen in the following way: 
 
 RL"  0.521 3 RL2" 2.5 
or 
 2RL"  0.521 3 RL12  "1 2.6 
 
 RL12  "12 3 2RL2" 2.7 
and moisture 
 RL"  0.5"12 3 0.5RL12  "1 2.8 
 
 RL12  "12 3 2RL2" 2.9 
or 
 RL"  "12 3 RL2"   "1 2.10 
 
during the preparation for the analysis and within the analysis [28]. Both the reaction with 
moisture and the reaction with oxygen can potentially occur during the exposure to air. 
As shown in the Equation 2.2 or 2.7, respectively, the reactions can go directly to LiOH 
or get there with a two step reaction as shown in Equation 2.3 and 2.4 or 2.5 and 2.6, 
respectively. Recent studies have shown [28, 29] that the increase in weight (~2.5wt %) 
is caused by the oxidation of 0.4vol % of the LiH sample via reaction 2.2 or 2.7. This 
reaction takes place during the heating of the sample with residual oxygen and moisture 
and is linked with a weight increase of ~2.5wt %. 
At a temperature of 640°C, the weight of the sample  decreases by 11.5wt %, which is 
related to hydrogen desorption. This value matches with the theoretical value of  
12.7wt % and other published data, which proved 
~11.5wt % [28, 29]. 
 
Figure 31 shows the crystal structure of LiH
grey the hydrogen atoms are presented
and hydrogen ordered next to each other
bond length of 1.629Å. The bond characteristics are 
as electronegativity, bond length and bond strength
values for LiH, the bond consists of a mixture of 60% covalent bonds and 40% ionic 
bonds [30]. The strong bonds 
desorption temperatures. 
amount of energy needs 
the hydrogen can decompose. 
the bond between the lithium and the hydrogen atom 
[30]. Due to their partially
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hydrogen desorption of approximately 
 
Figure 31 Crystal Structure LiH 
, where in purple the lithium atoms and in 
. It is a face centered cubic structure with lithium 
 with a lattice parameter of “a
dependent on different factors, such 
. Based on the parameters and 
of covalent and ionic character are responsible for the high 
The heat of the hydride formation is ∆H= -
to be induced into the system so that the bonds can break
At high temperatures, enough energy is
in a hemolytic dissociation reaction 
 ionic character, Li+ and H- ions are formed 
”= 4.055Å and a 
92.1kJ/mol. This 
 and 
 provided to split 
[31, 32]. The 
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hydrogen desorption takes place at temperatures above 400°C, no additional information 
from the DSC analysis can be provided concerning the hydrogen desorption reaction.  
 
2.2.3.1.2. Material 2: NaH 
 
A special group of metal hydrides are the so called alanates. These materials consist of 
sodium and aluminum atoms included in their structure. The standard precursor for the 
synthesis of an alanate is sodium hydride. The material itself has a theoretical storage 
density of 4.3wt %. NaH in combination with NaAlH4 is often used as precursors for more 
complex alanates, which are seen as potential candidates in industrial applications. For a 
successful synthesis of these complex alanates, an established understanding of the 
chemical and physical characteristics of their precursors is required.  
 
XRD Analysis 
The preparation for the XRD analysis of the material is done as described previously. 
The results of the XRD analysis are shown in Figure 32, below. 
 
Figure 32 XRD analysis NaH 
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The XRD pattern shows the characteristic peaks at discrete angles. A comparison with 
the JCPDF patterns, verified the material as sodium hydride. Furthermore, the analysis 
indicates the high purity of the sample. 
 
TGA Analysis 
The TGA analysis was performed in order to provide an overview of the amount of 
desorbed hydrogen and the critical temperature when the hydrogen desorption begins. 
Therefore, the sample was prepared for analysis according to the procedures described 




The sample shows two plateaus: The shift, which is related to the hydrogen desorption 
occurs at a temperature of 300°C and is followed by  a weight loss of approximately  
Figure 33 TGA analysis of NaH 
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1.8wt %, which is lower than the theoretical value of 4.3wt %. The analysis indicates an 
incomplete desorption reaction, which can be related to the heating rate of 10°C/min 
connected with weak desorption behavior of the material. The pattern indicates that only 
50% of the hydrogen is released, which can be improved by choosing a heating rate of  
1- 2°C/min. During the preparation for the TGA anal ysis, the material is exposed to air, 
which causes a reaction between moisture and the material, where NaOH is created 
[27]. At 150°C, NaOH decomposes and causes the shif t in the sample. 
 
DSC Analysis 
The DSC analysis can provide information about the bond and desorption characteristics 
of the sample. The strength of the bond is of major interest because it characterizes the 
desorption temperature of the material as well as the desorption kinetics. A strong bond 
between the metal atom and the hydrogen atom, results to a high desorption 
temperature and slow reaction kinetics. Results of the DSC analysis will provide 
information about the strength of the bond. The sample was prepared in a glove box 
under standard conditions. The results are presented in Figure 34 below. 
 
Figure 34 DSC analysis of NaH 
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The results match to the TGA pattern. The first shift, which is related to melding and 
vaporizing of the material, does not affect the DSC measurement. However, the second 
shift, which is linked with 2wt % loss, is identified in the DSC pattern. The pattern shows 
a endothermic reaction with a heat flow of -1.9 




NaH shows, in the temperature range of 25- 150°C, a  weak weight increase of 
approximately 0.6wt %, which can be related to a minor reaction of the sample with 
residual oxygen or moisture in the chamber. Similar to the reaction of LiH with oxygen 
and moisture, the following reaction could have taken place during the heating process. 
 
 GH"  0.521 3 GH2" 2.11 
or 
 2GH"  0.521 3 GH12  "1 2.12 
 
 GH12  "12 3 2GH2" 2.13 
and moisture 
 GH"  0.5"12 3 0.5GH12  "1 2.14 
 
 GH12  "12 3 2GH2" 2.15 
or 
 GH"  "12 3 GH2"   "1 2.16 
 
Literature research revealed that no information about of the reaction of NaH with 
moisture or air exist, however it can be assumed that NaH has a similar behavior to LiH 
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and reacts with oxygen and moisture in a single step reaction, as described in Equation 
2.11 and 2.16.  
At a temperature range beginning at 150°C, a drop o f the sample weight related with 
30wt % of the sample is recognizable. The weight loss is caused by the decomposition of 
NaOH, a product formed when the material was exposed to air, based on Equations 
2.11- 2.16. At temperatures beginning at 250°C, the  material starts slowly to decompose 
under hydrogen release. The TGA results matches well with the results from the DCS 
analysis, where an endothermic peak of -1.8
  at a temperature of 370°C indicates the 
hydrogen desorption. The desorption is linked with a weight loss of  
1.8wt %, which is significantly lower than the theoretical value of 4.3wt % and also lower 
than other published data [33]. In their experiments, Xu et. al. could reach hydrogen 
desorption rates of 3.9wt %, which is significantly more than in current results.  
 
Figure 35 Comparison hydrogen desorption 
Figure 35 presents the TGA results of the current study in comparison with published 
data [33], where curve a
published data. Xu et. al. chose a heating rate of 5°C/min, whereas  current experiments 
were performed with a heating rate of 10°C/min. Sin ce 
each other, it can be assumed that the heating rate 
adsorption rate.  
 
Figure 36 shows the crystal structure of NaH
grey the hydrogen atoms are presented
crystal structure with a lattice parameter of 
1.935Å [31, 32, 34]. The bon
desorption process because it is mainly responsible for the desorption temperature, 
combined with the heat of the formation. The type of the bond i
factors such as bond length, electro negativity
a mixture of covalent and ionic bonds with the ratio 75:25 
determines the desorption temperature. The heat of the hydride formation is 
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 represents results for currents research, and curve 
other parameters were similar to 
plays a significant r
Figure 36 Crystal Structure NaH 
, where in purple the sodium atoms and in 
. The structure of NaH is a face
“a”= 4.84Å and a Na- H bond length of 
d characteristics are of major importance to
s dependent on different 
 and crystal structure. In the case of 
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b, those of 
ole in the 
 
- centered cubic 




kJ/mol [33], which is significantly lower than that of LiH. This value matches with the 
experimental data of the DSC analysis, where the heat flow was measured to -1.8
  for 
NaH, whereas published data indicated a heat flow of more than -5.0
  for LiH [28]. As a 
result, NaH desorbs hydrogen at a temperature of 250°C in a homolytic dissociation 
reaction, where the ions Na+ and H- are formed due to the partially ionic bond character. 
 
2.2.3.1.3. Material 3: KH 
 
Potassium hydride in its natural form cannot be used as a storage medium in commercial 
scale due to its theoretical storage density of 2.5wt %. However it is used as a precursor 
for other complex hydrides. Therefore knowledge about its physical and chemical 
characteristics is from high importance. Potassium hydride is usually stored in mineral oil 
in order to avoid its natural decomposition into its elements. As a consequence, the 
material needs to be washed and filtered several times with hexane before further 
treatment can begin. Afterwards the powder is prepared under conventional conditions 
for the analyses [35, 36]. 
 
XRD Analysis 
The structural analysis is performed with a XRD measurement and leads to results 
resented in Figure 37. 
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.   
Figure 37 XRD analysis of KH 
The XRD pattern proves clear peaks at discrete values for 2Θ, which coincide with the 
reference JCPDF pattern. This result identifies potassium hydride as the material itself; it 
also indicates the high purity of the material.  
 
TGA Analysis 
By performing the TGA analysis, the temperature at which the material decomposes into 
its elements, potassium and hydrogen can be determined. Publications have already 
shown that the material decomposes at temperatures above 400°C [35, 36]. Therefore, a 
temperature range of 25- 800°C with a heating rate of 10°C/min was chosen. Figure 38 
depicts the results of the analysis. 
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Figure 38 TGA analysis of KH 
 
This curve shows the thermal behavior of the material in the tested temperature interval. 
The material starts desorbing hydrogen at a temperature of approximately 300°C. The 
end of the curve is marked at 450°C by the failure of the material. At this point, almost all 
of the material is vaporizes and the junction between hydrogen desorption and material 
decomposition is hardly to distinguish. However, it can be noted that the slope of the 
curve changes slightly. This point might indicate the end of hydrogen adsorption and the 
decomposition of the material. At this point, the material desorbs 2.5wt %, which 





The DSC analysis should determine the thermodynamic characteristics of the hydrogen 
desorption process. The TGA analysis already showed that hydrogen desorption takes 
place within the temperature range of 300- 400°C. S ince the upper temperature limit of 
the DSC apparatus is set to 400°C, it is not possib le to determine the whole desorption 
process and data from outer publications have to be considered, [35, 36] which proved 
an endothermic peak at a temperature of 410°C. The results of the DSC analysis are 
presented in Figure 39. 
 
 
The DSC results coincide with the TGA results. The fluctuations of the signal until 350°C 
can be ignored due to their small maximum value of 0.25
 . At 320°C, the curve begins 
to decrease steadily, which indicates an endothermic reaction. The exact value of the 
peak cannot be determined because the maximum is reached at a temperature of 
410°C, which is beyond the temperature range of the  DSC measurement. 
Figure 39 DSC analysis of KH 
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Discussion 
Similar to LiH and NaH, KH shows an initial weight increase before the hydrogen 
desorption takes place. In the temperature interval of 25- 330°C, the sample gains 
approximately 1wt % of weight, which can be related to an interaction between the 
sample and residual air and moisture. Based on the reaction equations, the following 
reactions with oxygen and moisture can take place. 
 
 V"  0.521 3 V2" 2.17 
or 
 2V"  0.521 3 V12  "1 2.18 
 
 V12  "12 3 2V2" 2.19 
and moisture 
 V"  0.5"12 3 0.5V12  "1 2.20 
 
 V12  "12 3 2V2" 2.21 
or 
 V"  "12 3 V2"  "1 2.22 
 
Regarding the chemical reactions, the interactions can take place in a single or in a 
double step reaction. Since no data about the analysis is available, it only can be 





Figure 40 shows the crystal structure of KH
the hydrogen atoms are presented.
and is in the space group Fm
lattice parameter of the crystal is 
hydrogen and potassium atom
characteristics, are mainly responsible for the hydrogen desorption characteristics. 
present study could show the
320°C, followed by a total decomposition of t
[38][38]. The TGA analysis can only predict the total amount of desorbed hydrogen, 
since the hydrogen desorption and decomposition of the material merge together and 
are not distinguishable from each other. Therefore, the DSC analysis provides important 
information. An endothermic peak, beginning at ~320°C with a maximum heat flow of 
2.7  indicates the hydrogen desorption
al., where hydrogen desorption of 2.5wt
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Figure 40 Crystal Structure of KH 
, where in green the potassium and in grey 
 It has an orthorhombic face- centered cubic unit cell 
m with potassium and hydrogen as crystal atoms. The 
“a”= 5.71Å, with a bond length of 2.31
 [31, 32, 37]. The crystal structures, as well as the bond 
 hydrogen desorption in a temperature range beginning at 
he material when reaching the melting point 
. Similar results are published from Bastide et. 
 % could be proved.  
 




As mentioned, the characteristics of the K- H bonds are responsible for the desorption 
dynamics of the material. The bond is characterized by different factors such as electro 
negativity and bond length. Based on values for potassium hydride and hydrogen, KH 
consists of a mixture of ionic and covalent bonds between the atoms in a ratio of 
approximately 60:40. Another important factor that determines the hydrogen desorption 
temperature is the heat of the formation ∆H= -70.4kJ/mol [34]. This value describes the 
energy required to split the bonds between the hydrogen and the potassium atoms. At 
temperatures of 330°C and higher, enough energy (in  form of heat) is induced in the 
system to split the bonds. Due to their partially ionic character [34, 37], K+ and H- ions 
are formed in the homolytic dissociations reaction in addition to atomic hydrogen and 
potassium. This aspect, that heat needs to be induced in the system coincides with the 
result of the DSC analysis, where an endothermic peak is measured, indicating an 
endothermic reaction. 
 
2.2.3.2. Binary Hydrides NH2 (N=Mg, Ti, Ca) 
2.2.3.2.1. Material 4: MgH2 
 
Magnesium as a host material is preferred due to its light weight and its ability to bind 
two hydrogen atoms. Thus, its theoretical storage density is 8.2wt %, which would fulfill 
one aspect of the requirements given by the DoE. Further analyses will detect desorption 
kinetics, which are the reason for the impracticability of this material as a commercial 







For structural analysis, a discrete amount of material is put on a sample holder and 
covered with Kapton foil, which prevents a contamination of the material during the 
analysis. The results of the XRD analysis are presented in Figure 41. 
 
Figure 41 XRD analysis of MgH2 
 
The resulting peak pattern of the analysis and the JCPDF pattern from the data base 
match well with the sample and can be clearly identified as magnesium hydride. Similar 
to other materials, magnesium hydride is of high purity and can be used as a precursor 








The temperature where the magnesium and hydrogen split their bonds and 
hydrogen becomes free can be determined by a TGA analysis. Therefore, the material is 
prepared for the analysis as discussed previously. Based on external information, the 
temperature interval was set at 25- 600°C with a he ating rate of 10°C/min. The result of 
the analysis is shown in Figure 42.  
 
In general, the TGA pattern shows two events. The first event begins at a temperature of 
240°C and is linked with a weight loss of ~1wt %. T he second event is much stronger 
and takes place in a temperature range of 400°C- 45 0°C. The first shift might be caused 
by either hydrogen desorption or reactions between the material and residual air in the 
chamber. Since the hydrogen adsorption is a single step process, one can assume that 
the first shift is caused by residual air. The second shift, which is linked with a weight 
loss of ~6.5wt %, is identified as the hydrogen desorption process.  
Figure 42 TGA analysis MgH2 
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DSC Analysis 
The DSC analysis provides information about the strength of the bonds between the two 
involved elements. Since the analysis is limited to a temperature interval with an upper 
limit of 400°, one recognizes that the DSC analysis  will have no significant effects.  
Figure 43Figure 1 shows the result of the DSC analysis.  
  
Figure 43 DSC Analysis of MgH2 
 
The DSC analysis shows no significant events in the interval from 25°C to 400°C. This 
result matches well with the result from the TGA analysis since the hydrogen adsorption 
begins at temperatures above 400°C. The peak indica tes an endothermic reaction with a 
heat flow of 9.1
 . The high value for the heat flow indicates the covalent bond between 
the metal atom and the hydrogen atom. He covalent character is also responsible for the 
high desorption temperature. The initial assumption that the first shift is caused by 
residual air is verified by the DSC analysis. If the shift is of hydrogen desorption nature, it 
would also be observable in the DSC pattern. However, no shift at a temperature of 
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240°C can be proven so that the shift must be cause d by interaction between residual air 
and the material. 
 
Discussion 
The TGA analysis as well as the DSC analysis provided basic information about the 
hydrogen desorption process while heating the sample. The initial drop of 0.9wt % at a 
temperature of 250°C can be related to reactions wi th air and moisture, and will be 
neglected in the course of the study since the byproducts do not affect the hydrogen 
desorption behavior of the material. At a temperature range of 400- 440°C, the material 
starts to desorb hydrogen, which is connected with a weight loss of 6.5wt %. This 
amount lays approximately 1wt % below the theoretical value of 7.4wt %. Comparisons 
with published data show a similar behavior. The amount of desorbed hydrogen is 
significant higher than in the resent study [41-43]. One possible reason for that might be 
the heating rate, which is with 10°C/min higher (5° C/min) than in published data  
[41-43]. 
 
Figure 44 Crystal Structure of MgH2 
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Figure 44 shows the crystal structure of MgH2, where in red the Mg atoms and in grey 
the hydrogen atoms are presented. It is a tetragonal face centered cubic structure with a 
P42/mnm space group consisting of magnesium and hydrogen atom. The lattice 
parameters of the tetragonal face- centered cubic unit cell are “a”=”b”= 4.5025Å and  
“c”= 3.0123Å, with a Mg- H bond of 1.704Å. The bond characteristics, the crystal 
structure and the heat of the hydride formation are all important aspects because they 
mainly affect the hydrogen desorption temperature. The bond character is dependent on 
parameters, such as the electro negativity of the atoms, bond length and crystal 
structure. MgH2 consists of a mixture of ionic and covalent bonds in the ratio of 
approximately 80:20 due to the specific bond characteristics [31, 32]. Even though the 
majority of the Mg-H bonds are of ionic character, some bonds show covalent 
characteristics and influence the macroscopic behavior of the material.  
Another main aspect that influences the hydrogen desorption temperature is the enthalpy 
of the material, in the case of MgH2 ∆H= -75kJ/mol. This value describes the amount of 
heat that becomes free during the hydride formation. The same amount of heat must be 
introduced into the system to split the Mg-H bond. At a temperature of approximately 
400°C, enough energy is added in the system to spli t the bond, leading to gaseous 
hydrogen. The DSC analysis underlines this assumption. The pattern shows a strong 
endothermic peak beginning at a temperature of 370°C with a peak at -9.1
 , indicating 
the hydrogen desorption. The height of the peak correlates with the strength of the bond 
because it describes the heat flow per mass into the sample. The value coincides well 
with published data, where comparable values for the heat flow were proved [42, 44-47]. 




2.2.3.2.2. Material 5: CaH2 
 
Calcium hydride has a similar structural buildup to that of magnesium hydride. Both 
materials have one earth alkali metal as a host, which is bonded with two hydrogen 
atoms. Its theoretical storage density is approximately 5wt %, which excludes this 
hydride as a storage material in its original form as well. However, it is used as a 
precursor to form more complex hydride structures [27]. 
 
XRD Analysis  
The XRD analysis is done to resolve the structural composition and to get an idea of the 
XRD pattern of this material. As described previously, the material is prepared for the 
analysis and tested under defined conditions. Results are illustrated in Figure 45 below. 
 
Figure 45 XRD Analysis CaH2 
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The XRD results identify the sample as the desired material. Peaks and individual peak 
intensity correlate with the reference pattern from the data base. Additionally, this 
material is similar to all other materials of high purity. 
 
TGA Analysis 
One of the most significant pieces of information for later synthesis of new materials is 
the decomposition temperature of calcium hydride. Hence, the TGA analysis provides 
information about the amount of desorbed hydrogen in regards to the material weight 
and desorption temperature. Figure 46 depicts the results of the TGA analysis. 
 
Figure 46 TGA analysis of CaH2 
 
Based on prior information, the temperature interval for the analysis was set from 25°C 
to 900°C with a heating rate of 10°C/min. The mater ial shows no significant change until 
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approximately ~650°C. Beginning at this temperature , the material starts to decompose 
through hydrogen release until almost the whole hydrogen is desorbed at 800°C. At this 
temperature, the material starts to melt and to vaporize, which will lead to a total 
decomposition of the sample with increasing temperatures. 
 
DSC Analysis 
The TGA analysis already showed that the phase transition from the calcium hydride 
phase to atomic calcium and hydrogen phase occurs at temperatures above 600°C. As a 
consequence, the hydrogen desorption occurs beyond the measuring range of the 
apparatus. The results are shown in Figure 47 below. 
 
 
The curve looks surprising due to the initial drop and the overall negative slope. The 
initial drop is caused by equilibrating the system to 25°C. Furthermore, the negative 
slope describes the occurrence of an endothermic reaction, which seems to refute the 
Figure 47 DSC analysis of CaH2 
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assumption that the hydrogen desorption begins at a temperature of 650°C. However, 
the TGA pattern shows a steady weight increase until 650°C that is caused by reactions 
with moisture and oxygen, which can be neglected in the study. As the DSC pattern 
shows, these effects are of endothermic character. Comparing these results to the 
results of the TGA analysis, it turns out that the sample gains weight until 400°C.  
 
Discussion 
The TGA analysis of the sample shows, within the temperature range of 25- 650°C, a 
steady weight increase of approximately 1.2wt % before the material starts to 
decompose hydrogen at 650°C, followed by the materi al decomposition at temperatures 
of 800°C. 
The initial weight increase during the heating of the sample can be related to interactions 
between the sample and residual air and moisture, respectively, in the following way [42, 
45] equivalent to MgH2. 
 /H"1  2"12 3 /HS2"T1  2H1 2.23 
or 
 /H"1  221 3 /HS2"T1  "1 2.24 
 
Depending on the outer condition, air and moisture concentration, both reactions could 
possibly take place. Further analysis need to show which reaction is preferred, since no 
experimental data is available. However, the reaction with the ambient atmosphere 
during the synthesis is responsible for the weight increase of the material. At a certain 
temperature, the material starts to desorb hydrogen, which is followed by a weight loss of 
4.7wt %. This experimental value coincides well with the theoretical value of 
approximately 5wt %, and also with experimental data from Li et al. [48]. Performing 
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similar analysis at the same parameters, this research group was able to prove the 
desorption of 4.5wt % hydrogen from CaH2. 
 
Figure 48 Structure of CaH2 
 
Figure 48 shows the primitive orthorhombic crystal structure of the material with the 
lattice parameters “a”= 6.137Å, “b”= 3.694Å, and “c”= 7.098Å [49-52], where the bond 
length between the hydrogen atoms and the calcium atoms is 2.045Å. Aspects such as 
bond length and crystal structure are influencing factors for the hydrogen adsorption as 
well as the heat of the hydride formation. The bond character is determined by different 
factors, such as electro negativity and crystal structure. However earth alkali metals 
bonded with hydrogen generally consist of more ionic bonds due to the higher electro 
negativity values for earth alkali metals [48, 53]. Even though the majority of the bonds 
are of ionic character, covalent bonded Ca- H occurs as well. Another major factor of the 
desorption temperature is the heat of the hydride formation. The value describes the 
amount of heat that is generated during the hydride formation, which in the case of CaH2, 
is ∆H= -45kJ/mol. The same amount that becomes free during the hydride formation 
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needs to be induced in order to split the hydrogen bonds again. The DSC analysis could 
not provide information about the reaction equation because the desorption is beyond 
the range of the apparatus. Data from published experiments verified the endothermic 
character of the reaction [48]. At temperatures of 650°, enough energy is induced into 
the system in the form of heat to break the ionic/covalent bonds and release hydrogen in 
form of H- ions. Due to their partially ionic character, Ca2+ and H- ions are formed during 
the desorption process in addition to Ca and H in an atomic state.  
 
2.2.3.2.3. Material 6: TiH2 
 
Similar to both previous binary hydrides, titanium hydride consists of one metal atom, 
which is covalently bonded to two hydrogen atoms. Due to the high molecular weight of 
titanium, its maximum theoretical storage density is limited to 4wt %, which makes it 
undesirable as a storage medium for commercial application. Similar to calcium hydride 
and magnesium hydride, this hydride is a commonly used precursor for complex 
hydrides as well as doping material. Therefore, it is analyzed by its structural 
composition and its hydrogen desorption behavior [54-56]. 
 
XRD Analysis 
The XRD analysis will provide important information about the composition of the 
material as well as the determination of the purity of the sample. Therefore the sample is 




Figure 49 XRD analysis of TiH2 
 
Figure 49 above presents the results of the analysis. The comparison of the peak list 
with the data base verified the material and indicated the high purity of the material. 
Throughout the course of research, this material has also been used as a precursor to 
synthesize new compounds and composites.  
 
TGA Analysis 
In order to get a better understanding of the hydrogen desorption behavior, the material 
was analyzed by TGA. The determination of its characteristics is of major interest and is 
the basis for the success of the synthesis of new materials. The material is prepared for 
the analysis and tested under defined conditions and parameters. The result of the TGA 




This analysis provides two important sets of information. First, the desorption 
temperature begins at 440°C and ends at 650°C. Seco nd, approximately 2.9wt % 
hydrogen was desorbed, which leads to the assumption that the hydrogen desorption 
was not complete since the theoretical amount of hydrogen desorption is 4.0wt %. The 
high desorption temperature of this material can be mainly referred to the bond 
characteristics between the calcium atom and the hydrogen atoms. These covalent 
bonds are strong which requires a high amount of energy to split them. At high 




Figure 50 TGA analysis of TiH2 
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DSC Analysis 
The DSC analysis has been designed in order to get information about the bond 
characteristics. Therefore the sample is prepared and tested under defined conditions 
mentioned previously. 
 
Figure 51 DSC analysis of TiH2 
 
The DSC pattern looks similar to the pattern of calcium hydride. Similar to the other 
pattern, two unexpected events occurred. An initial drop can be observed as well as a 
steady decrease of the curve can be recognized. Both events can be explained in the 
same way as in the DSC pattern of calcium hydride where the drop is caused by a 
calibration process of the sample whereas the decrease is caused by reactions of the 





Analysis and discussion 
The hydrogen desorption behavior of titanium hydrides was examined by a TGA analysis 
as well as a DSC analysis. The results of the TGA analysis show, in the temperature 
range of 25- 440°C a steady increase in weight of a pproximately 0.2wt %. This increase 
in weight can be related to minor reactions of the sample with residual moisture and 
oxygen. However, these side effects are weaker than in all other tested materials.  
The TGA pattern shows a hydrogen desorption behavior in a temperature range of 440- 
640°C, linked with a total amount of desorbed hydro gen of ~2.9wt %, which is less than 
the theoretical value of 4.0wt % and other published results [57, 58]. Published 
experiments show a hydrogen desorption rate close to the theoretical value, which is 
approximately 1wt % more than current results. Comparing the analysis parameters and 
system parameters of each measurement with each other, it points out that the heating 
rate during TGA and DSC was chosen to rates as low as 2-5°C/min instead of 10°C/min 
for current measurements. Since all other parameters are similar to each other, it can be 
assumed that weak reaction dynamics, connected with a unfavorable heating rate, result 
in the decreased amount of desorbed hydrogen. The DSC analysis could not provide 
information about the temperature of desorption, because the desorption is out of the 
analysis range. The increase in weight of the sample at temperatures as high as 650- 
800°C can be related to high energy reactions betwe en Ti and Argon. 
 
Figure 52 shows the crystal structure of the TiH
centered cubic crystal with a space group of 
unit cell. The lattice parameter
“a”= 4.47Å and “c”=4.4Å
atoms of 1.8Å [59, 60]. The strength of the bond is dependent on two main aspects, the 
bond characteristics and the heat of the formation 
length and crystal parameters as well as the position of titanium in the periodic table 





Behavior cannot be proved in the TGA analysis because both reaction processes are 
overlapping each other. Recent study found and verified this behavior 
analysis, where two different reaction peaks 
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Figure 52 Crystal Structure of TiH2 
2 crystal, which is a tetragonal face 
Fm3m with titanium and hydrogen in the 
s of the tetragonal- face-centered cubic
, with a bond length between the titanium atom and hydrogen 
∆H. Due to their values for bond
- H bonds are of covalent character.  
 takes place in a multi step reaction in the form of 
 
were proved [57, 58, 61]
 





. The hydrogen 
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desorption is beyond the range of the DSC apparatus so that no DSC analysis is 
performed. 
The heat of the hydride formation is another important factor for the determination of the 
hydrogen desorption temperature. The heat of the formation, ∆H= -72kJ/mol determines 
the amount of energy that needs to be induced into the system to split the Ti-H bonds  
[59, 61]. In the case of TiH2, enough energy is introduced at 440°C to split the  bond 
under hydrogen release.  
 
2.2.4. Summary  
 
Both the structural analysis and the hydrogen desorption analyses of singularly and 
binary hydrides are of basic interest in further material synthesis. The thermal behavior 
and the desorption kinetics of the materials are already well tested in a multitude of 
experiments and did not provide new basic knowledge. However, these analyses were 
important throughout the course of the study because a deep knowledge about the 
material’s behavior is important to the quality of further analyses. Since all materials 
mentioned in this chapter can be used as precursors for new compounds and 
composites, having a basic knowledge of their chemical and physical behavior is 
essential. Based on these results, decisions about new compositions and compounds 














Density [wt %] 
Experimental 
Storage 
Density [wt %] 
Singularly Hydrides       
LiH 640-680 12.7 11.9 
NaH 300 4.3 1.8 
KH 375 2.5 2.4 
        
Binary Hydrides       
MgH2 400-450 8.2 6.5 
CaH2 650 5.0 4.7 
TiH2 440-650 4.0 2.8 
 
Table 1 provides an overview of the experimental results of the hydrogen desorption 
behavior of the material. Values for the desorbed amount of hydrogen lie, in most cases, 
near the theoretical value, which indicates the complete hydrogen desorption. In the 
example of NaH and MgH2, values for the hydrogen desorption are low compared to the 
other materials. The reason for that is the weak reaction kinetics of the material caused 
by the strength of the bond between the metal atom and the hydrogen atom. Connected 
with the unfavorable heating rate of the sample, which is, for these particular materials 
too high. 
Furthermore, almost all the materials showed interactions between moisture and air 
during the heating process. Singularly hydrides can potentially react with air as well as 
moisture in the general form of: 
 
 "  0.521 3 2" 2.26 
or 
 2"  0.521 3 12  "1 2.27 
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12  "12 3 22" 2.28 
and moisture 
 "  0.5"12 3 0.512  "1 2.29 
 
 12  "12 3 22" 2.30 
or 
 "  "12 3 2"  "1 2.31 
 
where M stands for Li, Na, K. Basically, the reaction with air and moisture can take place 
either in a single step reaction or in a double step reaction. Comparisons with published 
data indicate that the single step reactions are preferable over the double step reactions 
[51]. 
Similar to the singularly hydrides, binary hydrides showed these interactions with the 
ambient atmosphere as well. The materials reacted with air and moisture in the following 
way 
 
 X"1  2"12 3 XS2"T1  2H1 2.32 
or 
 X"1  221 3 XS2"T1  "1 2.33 
 
where X stands for Ca, Mg, and Ti. Unlike singularly hydrides, the reaction only takes 
place in a single step. These reactions mentioned above cannot be eliminated in the 
TGA analysis and need to be considered in the analysis of the results. The side 
reactions do not affect the hydrogen desorption behavior of the tested material.  
Another important outcome of the analysis of the materials is the unexpected two-step 
desorption reaction of TiH2, where in a first step, a structural change takes place, and in 
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a second step, the hydrogen bond splits. This behavior is especially for the composite 
formation and its hydrogen desorption of interest.  
In conclusion, the analyses of the material gave a basic overview of the hydrogen 
desorption temperature and its kinetics. Furthermore, information about the structure of 
the material, their bond characteristics and their specific values for the heat of the 
hydride formation, were provided. All materials except of TiH2, where the bond is of 
metallic character, show a mixture of ionic and covalent bonds within their structure. This 




2.3. Mixture of TiH 2 and CaH 2 
2.3.1. Objectives 
 
Previously it has been shown that both singularly and binary hydrides are not applicable as 
hydrogen storage systems due to their high desorption temperatures or their inadequate storage 
densities. All tested materials showed hydrogen desorption temperatures of above 300°C, which 
is about 200°C more than what is accepted in storag e densities of 4-5wt %. Therefore, attempts 
to synthesize composites of these materials are done. Singularly and binary hydrides have 
favorable storage densities so that improved decomposition temperatures can be expected by 
forming a composite. This chapter deals with the mixture of materials, when two precursor 
materials are taken and mixed in different ratios with each other. Depending on their structural 
composition and their chemical behavior, either new compounds or composites can be formed 
with the potential for improved desorption kinetics. By having six precursor materials available 
and mixing just two with each other, 15 possible mixtures can be formed. In the present case, 
weight mixtures of 25:75, 50:50, 75:25, and a mixture based on the molar ratio of 95:5 were 
chosen. Furthermore, titanium dioxide, titanium chloride and aluminum chloride are available as 
doping materials.  
All these combinations add up to a multitude of possible variations of mixtures. Hence, one 
needs to focus on certain materials and compositions which seem to have favorable 




2.3.2. Synthesis Methodology and Characterization 
 
In a first attempt, calcium hydride and titanium hydride are chosen as precursor material. Even 
though their individual desorption kinetics may not be favorable, a compound or composite of 
these materials can yield completely different characteristics. As a result, materials should never 
be excluded as precursors due to their individual characteristics.  
The first series of experiments consist of the materials which are mixed in a titanium hydride to a 
calcium hydride mass ratio of 25:75, 50:50, and 75:25. Additionally, a mixture of these materials 
with a molar ratio of 95:5 was synthesized. The preparation of the material is performed in a 
glove box under an argon atmosphere in order to avoid contaminations of both the precursor 
material, and the final product. 1g of each sample is produced. Then, the precursors are 
weighed, mixed and charged together with 6 steel balls in a stainless steel vial. The steel balls 
have a diameter of 10 mm and 5 mm, respectively. The vial is adjusted to a planetary ball mill 
and the mixture is mixed for 3 hours. After that process, the vial is moved back into the glove 
box and the product is prepared for the structural and desorption analyses. The structural 
composition of the composite is analyzed by an XRD technique. Parameters and sample 
preparation are discussed in previous chapters and are valid for the composite testing as well. 
The hydrogen desorption behavior is analyzed by both the TGA and DSC apparatus. The 
preparation of the sample is done in the glove box and then moved to the location of analysis. 







2.3.3.1. Mixture 1: TiH2 + CaH2 mass ratio 25:75 
 
The precursors were mixed in TiH2 :CaH2 mass ratio of 25:75 in order to form a compound of the 
general form TiCaH4 or a composite in the general form of TiH2:CaH2 with different mass ratios. 
After weighing, mixing and charging the materials in a vial, the mixture is milled and the product 
tested for its structural and desorption characteristics. 
 
XRD analysis 
The sample is prepared under an argon atmosphere to avoid contamination. There, the material 
is placed on a sample holder and covered with Kapton foil. The analysis of the material is done 
under a standard set up, as mentioned above. The results of the analysis are given in Figure 53. 
 
Figure 53 XRD analysis of TiH2 :CaH2 Composite 25:75 
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The peak pattern identifies the two precursor materials and a few peaks which, can be related to 
new a composite of titanium hydride and calcium hydride. The structural analysis showed that 
the formation of a new compound was unsuccessful. A formation of the compound is from a 
chemical point of view not possible. Recent experiences have shown that after 3 hours of ball 
milling, the formation of at least traces of new material should occur. This expectation leads to 
the assumption that a solid state reaction is not favorable for this combination. Hence, the peak 
pattern clearly differs from the two precursor pattern. This indicates that a structural change in 
the sample during the ball milling process has occurred, which implies a success in the 
synthesis itself. 
 
TGA and DSC Analysis 
The new composite is analyzed in terms of its hydrogen desorption behavior. Both precursor 
materials show hydrogen desorption at temperatures of 400°C and 600°C, respectively. It is of 
interest to see, how the desorption temperature improved by using a composite of these 
materials. In the present case, the TGA analysis was performed within a temperature interval of 
25°C- 400°C. Two reasons for that are following:  
• Desorption temperatures above 400°C are not of int erest 
• Risk for damaging pan and weighting plate are high at temperatures above 600°C.  




Figure 54 TGA analysis of TiH2 :CaH2 Composite 25:75 
 
The result of the TGA analysis showed that no hydrogen desorption within the tested 
temperature interval occurred. It is still being analyzed, where desorption takes place, even 
though this information is of minor interest in the present study. Because the desorption does not 
take place within the desired temperature interval, and the DSC analysis is limited to a maximum 
temperature of 400°C. 
 
2.3.3.2. Mixture 2: TiH2 + CaH2 mass ratio 50:50 
 
In a second attempt, a mixture with a TiH2 :CaH2 mass ratio of 50:50, was chosen. Previous 
analysis has shown that the formation of a compound will not occur, and instead, a composite 
formation will form. 
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XRD Analysis 
The mixture of titanium hydride and calcium hydride is ball milled for 3 hours, similar to previous 
attempts. After the synthesis, the material is prepared for a structural analysis in a commonly 
used procedure. The results of the structural analysis are given in Figure 55. 
 
Figure 55 XRD analysis of TiH2 :CaH2 Composite 50:50 
 
Similar to the previous sample, a change of the pattern in comparison to the precursors was 
proven. This behavior indicates a change in the structure of the material, which is linked to the 
formation of a composite. 
 
TGA and DSC Analysis 
Hydrogen desorption behavior of the composite should be proven by a TGA and DSC analysis, 
respectively. Therefore, the material is prepared in the glove box for the TGA analysis. The 
analysis itself is done under standard conditions within a temperature interval of 25°C to 400°C. 
The results of the analysis are presented in Figure 56 below. 
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Figure 56 TGA analysis of TiCaH2 Composite 50:50 
 
The pattern indicates the absence of hydrogen desorption in the tested interval. However, no 
statement implying improved reaction kinetics can be made. This outcome needs to be tested for 
further analyses. 
 
2.3.3.3. Mixture 3: TiH2 + CaH2 mass ratio 75:25 
 
In a third attempt, the mass ratio of the TiH2 :CaH2 is varied again to a value of 25:75. Similar to 
other samples, the XRD, TGA and DSC analyses should provide basic information regarding the 
composite characteristics. Based on previous experiments, it is not anticipated that a new 




The two precursors are mixed and charged in a vial and then milled for 3 hours. Afterwards, the 
resulting product is analyzed based on its structural characteristics using common techniques. 
As usual, the sample is prepared in the glove box and moved to the place of analysis, where it is 
analyzed under standard conditions. The results are presented in Figure 57 below. 
 
Figure 57 XRD analysis of TiH2 :CaH2 Composite 75:25 
 
As expected, the XRD pattern does not indicate the formation of a new compound. However, it 
could be proven that a composite from the two precursor materials has been formed. The 
pattern shows main peaks of the titanium hydride precursor, but also significant peaks of the 
calcium hydride precursor, which leads to the assumption of the formation of a new composite. 
 
TGA and DSC Analysis 
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TGA and DSC analysis should provide information concerning hydrogen desorption kinetics. The 
sample is prepared in the glove box for the analysis and tested under the common used 
techniques and parameters. The analysis was performed and yielded the following results. 
 
Figure 58 TGA analysis of TiH2 :CaH2 Composite 75:25 
 
The results clearly support the assumption that no hydrogen desorption occurs within the given 
temperature interval. Furthermore, it is not possible to predict the hydrogen desorption 
temperature. In order to attain information about improved desorption dynamics, further analysis 




2.3.3.4. Mixture 4: TiH2 + CaH2 molar ratio 95:5 
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In a last experiment of this system, a composite with a molar ratio of TiH2 :CaH2 of 95:5, was 
tested. This mixture results in a small amount of calcium hydride in the material, so that this 
material acts more like a dopant than as a precursor. 
 
XRD Analysis 
The material is weighed and mixed dependent on its molar ratio. The mixture is then milled by a 
planetary ball mill for 3 hours. The product is prepared and analyzed for its structural properties 
by a XRD technique. The results of the analysis are presented in Figure 59 given below.  
 
Figure 59 XRD analysis of Ti0.95Ca0.05H2 composite 
 
The pattern provides a clear overview of the structural composition of the material. Main peaks 
of both the titanium hydride precursor, as well as the calcium hydride material, can be observed.  
 
TGA and DSC Analysis 
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The TGA analysis of the sample should provide information about the desorption characteristics 
of the material. Therefore, the samples are prepared for the analyses and tested under the 
common used conditions. The result of the analysis is shown in Figure 60 mentioned below. 
 
Figure 60 TGA analysis of Ti0.95Ca0.05H2 Composite 
 
The analysis is performed in a temperature interval of 25°C to 400°C, and under standard 
condition. The TGA curve does not show any significant change, which leads to the conclusion 
that the hydrogen desorption lies above 400°C. As a  consequence, no additional DSC analysis 






In this series of experiments, different mixtures of titanium hydride and calcium hydride were 
made and tested. Even though the desorption behavior of each component is unfavorable due to 
their high desorption temperatures, the composite can yield improved reaction kinetics. Mixtures 
of different mass ratios were formed in order to see the influence of each precursor on the 
reaction behavior. Results of this series are given in Table 2. 
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n.a.= not available 
 

















[wt%; °C] published [wt, °C] experimental [W/g, °C]  
theoretical  
[W/g] published [W/g, °C]   
















catalyst x  
TiCaH2 25:75 43.8039 4.6 
  Data 
n.a.   Data n.a. 
no desorption 




range - - 
Data 
n.a. - x 
TiCaH2 50:50 45.6587 4.4 
  Data 
n.a.   Data n.a. 
no desorption 




range - - 
Data 
n.a. - x 
TiCaH2 75:25 47.6775 4.2 
  Data 
n.a.   Data n.a. 
no desorption 




range - - 
Data 
n.a. - x 
Ti0.95Ca0.05H2 49.4936 4.0 
  Data 
n.a.   Data n.a. 
no desorption 




range - - 
Data 
n.a. - x 
Table 2 Overview of results of the Composite 
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The XRD analysis of the samples provides information about the structural composition of the 
samples dependent on the mixtures of the precursors. As a general conclusion, it can be stated 
that composites were formed independent of the mixture. Comparing the pattern of the precursor 
materials with the product, a clear phase formation took place during the synthesis process. 
Significant peaks for the new phase are at angles of 2Θ1= 32.1° and 2Θ2= 45.5°. Since the 
synthesis of that mixture is not yet published, no references to the current results can be made. 
Based on the results of the structural analysis, the hydrogen desorption behavior of the samples 
was tested. The TGA experiments were performed until a temperature of 400° because 
hydrogen desorption above that temperature range is not of interest for further analysis. 
Depending on the ratio of the precursors, a theoretical storage density of 4.0wt % and 4.6wt % is 
expected. All samples showed a thermodynamic stable behavior in the temperature range until 
400° and did not desorb any hydrogen. Further analy sis need to be performed to determine the 
temperature of desorption and the possible amount of desorbed hydrogen.  
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2.4. Doping of Materials 
2.4.1. Objectives 
 
The analysis of all systems, lithium- sodium alanate, lithium hydride and the composite of 
titanium hydride and calcium hydride, indicate either unfavorable desorption kinetics or 
insufficient storage densities. In order to improve at least the reaction kinetics, catalysts are 
implemented into the material structure. In the present study, materials such as titanium 
chloride, aluminum chloride or titanium dioxide are used as precursors for this process. Only 
titanium and aluminum act as the catalyst, while the dioxide and chlorine molecules act as host 
materials of the catalysts. These materials do not influence the chemical and physical properties 
of the material. As mentioned in previous chapters, different methods for the implementation of 
these catalysts can be distinguished. In the present study, the catalyst is embedded into the 
material structure after the synthesis process itself. During the mechanochemical treatment, 
titanium and aluminum, respective split up their existing bonds and generate new bonds with the 
host atom of the metal hydride.  
Many different materials have been found that have the potential to act as a catalyst. Besides 
the materials mentioned above, nickel, vanadium, as well as compounds of these materials are 
commonly used catalyst materials. The catalyst itself, along with the milling method, milling time, 
and the amount of dopant are critical factors influencing the materials behavior. Previously 
published data portrays good results for the catalysts titanium chloride, aluminum chloride and 
titanium dioxide. Based on this knowledge, analyses were performed on the synthesized 
materials in order to gain new information about the reaction kinetics and desorption behavior of 
different materials [16, 19, 39, 54-56, 62, 64-69]. 
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2.4.2. Synthesis Methodology and Characterization 
 
Many hydrides do not fulfill the guidelines, such as reversible storage density of 6wt %, 
working temperatures in the temperature interval of -30-100°C, or cost of the material, given by 
the DoE. Therefore, the material is doped with a catalyst material. The doping process can be 
performed by either a chemical or mechanochemical reaction. In the present study, a 
mechanochemical process, ball milling, is used to implement the catalyst into the structure. 
Similarly, it is possible to dope a material. To do this, the material and the dopant are mixed in a 
fixed molar ratio and charged with several steel balls into a vial.  
The amount of dopant, milling time and the amount of steel balls have a significant influence on 
the hydrogen desorption characteristics of the resulting material. Previous analyses have 
determined that 2 mol% of dopant material optimizes results in terms of reaction kinetics and 
storage density and that a milling time of 30 minutes is seen as an adequate milling time in order 
to receive a proper implementation of the catalyst material into the host structure. In addition to 
the production process and the hydride to dopant ratio, the dopant material is a significant 
component of this process. In general, many different materials can be used as dopants, 
primarily nickel, titanium, vanadium and aluminum. During the milling process, these atoms form 
complex structures with the hydride, which results in improved reaction dynamics. In the present 
study, TiCl3, AlCl3, and TiO2 have been selected as doping materials due to their favorable 
effects on hydrides in previous studies.  
The general reaction that occurs during the hydrogen desorption process in the case of sodium 
aluminum hydride and titanium chloride can be written as 
 
 3GHI<"0  
L/<J 3 3GH/<  I<  
L  6"1 2.34 
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Even though this example describes only one possible hydride to dopant combination, 
processes using other combinations can be derived from this reaction equation, as well. 
This reaction equation shows that the dopant material reacts with the hydride in order to form 
sodium chloride, atomic titanium and molecular hydrogen. This process is thermodynamically 
easier than the processes required by the hydride in its original form. As a result, the hydrogen 
release takes place under more moderate conditions. 
The analysis of the doped material is similar to the analysis of all other materials. The 
structural analysis is performed by an XRD apparatus under standard conditions, mentioned in a 
previous chapter. The scanning range was chosen based upon previously published results and 
experience gained throughout the study. It is adjusted to an angle range of 20° ≤ 2Θ ≤ 90°. In 
this range, characteristic peaks of the hydride/dopant mixture can be proven and a clear 
identification of the doped hydride is possible. Furthermore, the hydrogen desorption behavior is 
analyzed by the TGA and DSC apparatus. Both methods combined, enable a precise prediction 
about the bond characteristics and the desorption dynamics. These analyses are performed 





The manipulation of sodium aluminum hydride, with a structural composition of NaAlH4, is an 
important precursory step for the analysis of unknown samples. Published data using doped 
materials can be compared with current data to validate the doping process. Similar to the 
synthesis validation, this aspect is important for the validation of later results [62, 67, 68, 70-72]. 
Previously mentioned in Chapter 3.1, a prior validation of the doping method is crucial for the 
interpretation of later results and the prevention of flaws in the doping process. For each sample 
0.2g of the hydride was mixed with 2mol % of dopant.  
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Table 3 Mixture of NaAlH4 and Dopants 
Matrix 
Material Dopant 
Name of Material NaAlH4 TiCl3 TiO2 AlCl3 
Molecular weight [g/mol] 54.00 154.23 79.866 133.34 
Sample weight [g] 0.2 - - - 
mole% of dopant [%] - 2 2 2 
mole of Matrix Material 
[mol] 0.00370 0.00007 0.00007 0.00007 
Amount of Material [g] 0.2 0.0114 0.0059 0.0099 
 
The components are mixed and charged with 6 steel balls in a tungsten carbide vial and then 
milled for 30 minutes. Afterwards, the doped samples are prepared for the analyses.  
 
XRD analysis 
The preparation for each material is done in a glove box due to their high affinity to react with 
moisture. The analysis itself is done under standard conditions mentioned earlier. Figure 61 




Figure 61 XRD analysis of doped NaAlH4 
The collection of the XRD pattern clearly shows the impact of the dopant on the material 
structure. The XRD pattern shows no indication of precursor material. This fact is a strong 
indication of the implementation of dopant material in the hydride structure. 
 
TGA Analysis 
The TGA analysis is performed to clarify the impact of different dopants on the desorption 
characteristics of the material. Therefore, the samples are prepared in the glove box similar to all 
other previously prepared samples and tested in the TGA apparatus. The results of the TGA 
analyses are presented in Figure 62 shown below.  
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Figure 62 TGA analysis of doped NaAlH4 
 
The results of the TGA analyses provide three main sets of information. The temperature of 
desorption is lowered with all dopants. Depending on the dopant, temperature shifts of 70°C 
(TiO2) to 95°C (TiCl 3) are reached. This fact is an important step towards a material that fulfills 
the requirements given by the DoE.  
A known chemical reaction with the dopant included is still a 3 step reaction in the form of 
 
 3GHI<"0 3 GHJI<"K 3 3GH" 3 3GH 2.35 
 
where each step is linked with hydrogen desorption. The total amount of desorbed hydrogen 
significantly decreases. All doped samples show an overall weight loss of approximately  
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2.5wt %, whereas the undoped sample stars a weight loss of 6wt %. Excluding the increase in 
the molecular weight of the material, many other assumptions about this behavior can be made. 
Further analyses have to be done in order to provide a clear explanation for this behavior. 
[2, 64, 73, 74]. 
 
DSC Analysis 
The DSC analysis of the samples provides additional information about the bond characteristics 
of the samples and the reaction dynamics during the phase transition. Therefore, the sample is 
prepared in the glove box, adjusted in the DSC apparatus and tested under standard conditions 
mentioned previously. The results of the DSC analysis are shown in Figure 63. 
 
Figure 63 DSC analysis of doped NaAlH4 
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The results of the DSC analysis stand in good agreement with the results of the TGA analysis. 
The DSC pattern shows endothermic peaks at discrete temperatures, which indicates the phase 
transition mentioned in Equation 2.34. The temperature shift of the doped materials compared to 
the peaks of the undoped materials coincides with the results from the TGA analysis and verify 
their accurately [16, 75-77]. 
 
Analysis and Discussion 
This series of experiments was originally performed in order to validate both the doping, and the 
analysis method. In the course of research, it was discovered that no published data about the 
dopant being used in the present study was available. As a consequence, this system gained 
interest in current study. Results of this series are listed in Table 4. 
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Material Material Specifications 





density [wt %] 
chem. Reaction reversible  
storage  
density [wt %] 






NaAlH 4+TiO2 54 7.4 6NaAlH4+3TiO2→3Na2O+6Al+ Ti + 12H2  7.4 
NaAlH 4+TiCl 3 54 7.4 3NaAlH4+TiCl3→3NaCl+Al+Ti+6H2 7.4 
NaAlH 4+AlCl 3 54 7.4 3NaAlH4+AlCl3→3NaCl+4Al+6H2 7.4 
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Continuation of the results of NaAlH4 
x= analysis performed 
 
Material TGA DSC XRD 
  
experimental  
[wt%; °C] published [wt, °C] experimental [W/g, °C]  
theoretical 






















180-230 - -5.5;190 - - - ;185 - x 




155-180 - -7.7;180 - -   x 




150-200 - -2.5;165 - -   x 
NaAlH 4+AlCl 3 - 
2.5; 
155-175 -   - -2.8;155 - -   x 
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The structural analysis of the undoped material showed main characteristic peaks at 
angles of 2Θ1= 29.85° and 2Θ2= 48.31° and 2Θ3= 45.88°. A comparison with the JCPDF 
data clearly indicates the material and also shows its high grade of purity. No additional 
peaks are recognizable which might indicate the existence of impurities or other 
byproducts. For the analysis of impact of dopants on the hydrogen desorption behavior, 
different dopants, such as TiO2, TiCl3 and AlCl3 were embedded into the matrix material. 
The XRD analysis of the doped material showed besides the original peaks, no 
additional peaks. This behavior implies the fact, that the dopant and the matrix material 
reacted and formed new phases similar to the origin phase. Comparisons with published 
data underline this assumption and state that catalytic phases are formed [54, 55, 62, 68, 
72]. In the example of TiCl3 as dopant material, L12-TiAl3 as well as TiH2 and traces of 
NaCl are formed. The formation of catalytic phases with aluminum chloride and titanium 
dioxide can be explained in a similar way and coincide with published data [67, 70, 71, 
77-79]. 
The hydrogen desorption behavior of the undoped sample, as well as the doped samples 
are tested and compared with each other. The results of the TGA analysis of the 
undoped sample showed hydrogen desorption at 240- 260°C, with a weight loss of  
6.0wt %. This value is lower than the theoretical value of 7.4 wt and also lower than 
published data [16, 64, 73-76]. The difference between the theoretical value, other 
publication values and the value of the current analysis is caused by the high heating 
rate of 10°C/min compared to 2-5°C/min in other pub lications.  
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Figure 64 Crystal Structure of NaAlH4 
 
Figure 64 shows the tetragonal crystal structure of NaAlH4 with the space group I41/a, 
where each sodium atom is surrounded by 12 H atoms and 3Al-H tetrahedrons, 
respectively, with lattice parameters of “a”= 5.08Å and “c”= 11.33Å, and a Al- H bond 
length of 1.54Å. The hydrogen desorption temperature is dependent on two main 
aspects, the bond characteristics and the heat of the hydride formation. The bonds in the 
tetra hydride need to be divided into Na+- Al- bond, which is of ionic character and the Al-
H bonds. Even though these bonds show ionic characteristics, they are of covalent 
character with strong ionicity (polar covalent) [22, 26].  
The other major aspect for the hydrogen desorption is the heat of the hydride formation, 
∆H. This value describes the amount of heat that needs to be introduced into the system 
in order to break the bonds under hydrogen desorption. As seen in the TGA pattern, at 
temperatures of 200°C, enough energy is induced int o the system to break the bonds, 
and the material starts desorbing hydrogen by decomposing into Na3AlH6. The crystal 
structure of Na3AlH6 differs from that of NaAlH4. At low temperatures, it has a monoclinic 
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P21/n symmetry, whereas at higher temperatures the symmetry changes to orthorhombic 
Immm,.  
 
Figure 65 Crystal Structure of Na3AlH6 
 
Figure 65 shows the crystal structure of Na3AlH6 with the lattice parameters of this 
structure are “a”= 5.322Å, “b”= 5.516Å, and “c”= 7.679Å, with a Al- H bond length of 
1.77Å [22, 26]. As mentioned, the hydrogen desorption is dependent on the bond 
characteristics and ∆H. The Al- H tetrahedron remains a covalent bond with strong 
ionicity and splits when enough heat is induced into the system under hydrogen 
desorption. The amount of heat correlates with the value for ∆H= -69.8kJ/mol [22, 26], 
and is reached at temperatures of 250°C when the ma terial starts to decompose to face- 
centered cubic NaH under hydrogen release. In a third decomposition step, the material 
decomposes to Na+ and H- , due to the ionic character of the Na-H bond, at temperatures 
of 350°C, where the material releases approximately  1,8wt %. Detailed descriptions of 
the desorption process are given in Chapter 2.2.3.1.2.  
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Regarding the doped samples, a general statement about the reaction dynamics can be 
made. The desorption temperature decreased independent of the dopant material, but 
simultaneously the total amount of desorbed hydrogen decreases as well. The titanium 
dioxide doped sample desorbed 2.5wt % in a temperature range of 160°C- 200°C, the 
titanium chloride desorbed 2.6wt % at a temperature range of 150°C- 180°C, and the 
aluminum chloride doped sample desorbed 2.5wt % at a temperature range of 155°C- 
175°C. 
Even though the temperature of desorption could be lowered with the addition of dopant 
material, a significant decrease in the amount of desorbed hydrogen was proven. 
The reason for the weaker desorption value lies in the phase formation in the milling 
process. The formation of three main phases, D022-TiAl3, NaCl, and TiH2 could be proved 
during the milling process. D022-TiAl3 acts as the catalyst and is mainly responsible for 
the shift of the desorption temperature, whereas TiH2 is responsible for the decreased 
amount of desorbed hydrogen causes due to its thermal stability in the temperature 
range below 400°C. Current results agree with publi shed data [55, 68, 71]. Furthermore 
no predictions about the atomic crystal structure and crystal change during the dopant 
implementation can be made. 
Regarding the results of the DSC analysis of the undoped sample, peaks of endothermic 
character, which prove the different desorption steps, are observable. The position of the 
peaks are related to the desorption steps and coincide with published data [16, 54, 75, 
76]. Besides the endothermic character of the reaction, the peaks provide information 
about the bond strength between the host atom and the hydrogen atom. The Al-H bond 
of the NaAlH4 and Na3AlH6 material is of covalent character with strong ionicity, which 
results in high peaks and in characteristic decomposition temperatures.  
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As mentioned, the bond strength is also dependent on the entropy, ∆H, of the material. 
Therefore, values for the entropy of NaAlH4 and Na3AlH6  are related to the height of the 
peak of the DSC analysis [66, 80, 81]. 
Comparing the results of the undoped sample with the results from the doped samples, 
the same outline becomes clear. The peaks of the doped samples are shifted to lower 
temperature values when compared to the undoped samples. This result indicates the 
improvement of the desorption kinetics by adding dopant materials. Similar to the TGA 
results, the DSC result matches well with published papers and verifies the doping 
process. Referring to the requirements given by the DoE, it becomes clear that the 
material cannot fulfill these guidelines, even if its kinetics are improved by implementing 
catalyst materials into the host structure. The fact that the desorption temperature is still 
too high for mobile application, where the guideline states a desorption below 100°C, 






The material of the actual system is Li3AlH6 which showed in the undoped state a 
hydrogen desorption rate of 4.6wt % in a temperature range of 210- 240°C. A decrease 
in the temperature of desorption is expected by adding different catalysts into the 
material. The present study, will show the influence of the dopant on the temperature  of 
desorption and the effect of the dopant on the amount of desorbed hydrogen. The 
materials are weighed and mixed based on the ratios presented in Table 5. 
 
Table 5 Mixture of Li3AlH6 and Dopants 
Matrix 
Material Dopant 
Name of Material Li3AlH6 TiCl3 TiO2 AlCl3 
Molecular weight [g/mol] 53.85 154.23 79.866 133.34 
Sample weight [g] 0.2 - - - 
mole% of dopant [%] - 2 2 2 
mole of Matrix Material 
[mol] 0.00371 0.00007 0.00007 0.00007 
Amount of Material [g] 0.2 0.0115 0.0059 0.0099 
 
Doping precursors and matrix material are mixed, weighed and charged with 6 steel balls 
in a tungsten carbide vial and milled for 30 minutes [82-86]. 
 
XRD Analysis 
The preparation of the samples for the XRD analysis is done in the glove box because of 
the materials’ affinity to react with moisture. The results of the doped and undoped 
samples are shown in Figure 66. 
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Figure 66 XRD analysis of doped Li3AlH6 
 
The XRD analysis provides an overview of the doped and undoped samples. The 
comparison of the samples with the JCPDF file proves the existence of the Li3AlH6 phase 
and also shows the impact of the dopant on the structure. Besides the peaks of the 
hydride phase, no precursory dopant material can be seen, which indicates an 
implementation in the hydride structure.  
 
TGA Analysis 
The TGA analysis is performed to receive information about the impact of different 
dopants on the temperature of desorption and the amount of desorbed hydrogen. Figure 
67 gives an overview of different doped materials and their impact on the material.  
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Figure 67 TGA analysis of doped Li3AlH6 
 
The results of the TGA analysis provide two sets of information. That the hydrogen 
desorption temperature of the doped samples shifts to lower temperatures. The undoped 
sample releases hydrogen of 4.6wt % at a temperature of 240°C, whereas the doped 
materials release 3.5wt % hydrogen at 200°C (TiO 2) and 2.6wt % hydrogen at 175°C 
(AlCl3). These results prove the positive impact of the dopants on desorption time but at 
the same time show the negative impact of the dopants on the amount of desorbed 
hydrogen. In all doped samples, a significant decrease of desorbed hydrogen of 






The DSC analysis of the samples provides additional information about the bond 
characteristics and the reaction dynamics during the phase transition. For the analysis, 
the samples are prepared and placed in the DSC apparatus. The preparation and the 
analysis are done under standard conditions mentioned in the beginning of the chapter. 
The results for the doped and undoped materials are presented in Figure 68. 
 
Figure 68 DSC analysis of doped Li3AlH6 
 
The results of the DSC analysis show that the hydrogen desorption takes place in a 
single step transition, which directly correlates with theoretical assumptions and 
published data. Furthermore, the DSC analysis clearly identifies a shift of the peaks, 
which is related at a hydrogen desorption to lower temperatures. Even though the 
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temperature shift with the dopants is not as much as with sodium tetra hydride, a 
significant improvement of reaction kinetics is recognizable.  
 
Analysis and Discussion 
This particular material was formed from its precursors LiH and LiAlH4. Its theoretical 
storage density of 11.1wt % makes it interesting for industrial application. Therefore it 
was tested for it hydrogen desorption kinetics in an undoped state as well as a doped 












Material Material Specifications 
  molar weight 
[g/mol] 
theoretical  
storage density [wt %] 
Chemical Reaction reversible  
storage density [wt%] 
          




Li 3AlH6+TiO2 53.852 11.1 1. Li3AlH6+TiCl3↔3LiCl+Al+Ti+3H2 7.9 
Li 3AlH6+TiCl 3 53.852 11.1 1. Li3AlH6+AlCl3↔3LiCl+2Al+3H2 7.9 
Li 3AlH6+AlCl 3 53.852 11.1 1. 4Li3AlH6+TiO2↔6Li2O+Al+3Ti+12H2 7.9 
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Continuation of overview of results Li3AlH6 
 
x= analysis performed 
 
 
Material TGA DSC XRD 
  experimental [wt%; °C] published [wt, °C] experim ental [W/g, °C] 
theoretical 
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The mechanochemical synthesis of the precursor lithium hydride and Li3AlH6 resulted in 
the product Li3AlH6, which was tested for its structural composition with an XRD apparatus. The 
main peaks were found at angles of 2Θ1= 21.9°, 2Θ2= 22.46°, 2Θ3= 38.43° and 2Θ4= 38.8° and 
are a clear indication for the desired Li3AlH6 phase. Comparisons with published data coincide 
with the results of current analysis and prove a single phase of the sample [18]. 
However, the pattern of the sample indicates impurities at an angle of 2Θ= 27.96°, which 
indicates a major phase with impurities. Based on gained experiences, these impurities are 
residual material that did not form into the desired phase. In course of study, this material was 
manipulated by the implementation of different dopants, such as titanium chloride, aluminum 
chloride and titanium oxide. The structural analysis of the doped samples clearly proved that the 
dopants titanium and aluminum are embedded into the matrix material structure. The XRD 
analysis could not prove the existence of the dopant precursor, which means that dopant and 
matrix material formed a modified phase. Published data showed a similar behavior, where the 
phase formation from a pure Li3AlH6 phase to a doped phase including D022-TiAl3, and TiH2 is 
formed, and stands in good agreement with current results [84, 85]. 
Furthermore, the hydrogen desorption characteristics of the material were tested. A TGA 
analysis provided information about the temperature of desorption and the amount of desorbed 
hydrogen. This analysis is a commonly used technique to prove the desorption characteristics of 
hydrides [13, 82]. In addition, the data will provide information about the influence of the different 
dopant materials on the desorption characteristics. The TGA results of the undoped material 
show a single step hydrogen desorption. Independently from the dopant agent, all materials 
showed an increase in weight in the temperature range of 25- 200°C. This effect is caused by 





 RLJI<"K  6"12 3 3RL2"  I<S2"TJ  6"1 2.36 
 
For the reaction with moisture 
 RLJI<"K  221 3 3RL2"  I<S2"TJ 2.37 
 
In general, both reactions can take place depending on the oxygen and hydrogen content in the 
ambient atmosphere. The formation of lithiumhydroxide results in an increase in weight of the 
sample and cannot be avoided. Therefore, the outcome has to be considered in further analysis 
and interpretations. Beginning at a temperature of 200°C, the material starts to decompose 
under hydrogen desorption to LiH. 
 
Figure 69 Crystal Structure of Li3AlH6 
 
Figure 69 shows the crystal structure of Li3AlH6, which, similarly to Na3AlH6 , has a monoclinic 
crystal symmetry with an R3U space group with lattice parameters “a”=4.208Å, “b”=7.801Å, and 
“c”=7.804Å. The atomic crystal structure cannot be determined because of the rhombohedral 
131 
pseudo symmetry of the material. The bond strength as well as the heat of the hydride formation 
are major factors that determine the desorption temperature. The Al- H bond length is 1.77Å with 
a covalent of strong ionicity. Furthermore, the entropy, ∆H= -102.8kJ/min, is another major 
desorption determining aspect [22, 26]. This value describes the heat, which needs to be 
induced to split the Al- H bonds to release gaseous hydrogen, and form the face- centered cubic 
LiH.  
Regarding the doped materials, a clear trend is recognizable. Independently from the dopant, a 
shift to lower desorption temperatures is observable. Both the temperature shift and the amount 
of desorbed hydrogen are significantly dependent upon the dopant material. TiO2 showed the 
weakest improvements in terms of lowering the desorption temperature, with values of 3.5wt % 
loss at a temperature range of 200°C- 235°C. The re sults reached with TiCl3 and AlCl3 have 
significantly improved in terms of desorption temperature when compared to the titanium oxide 
sample. The temperature could be lowered to 160°C f or titanium chloride and 175°C for 
aluminum chloride, whereas the amount of desorbed hydrogen decreased to 3.1wt % for TiCl3 
and 2.6wt % for AlCl3. The reason for the improved desorption temperature lies in the catalyst 
itself. During the milling process of Li3AlH6 and TiCl3, a new phase, the tetragonal D022-TiAl3, is 
formed, which act as a catalyst for the hydrogen desorption [83]. In a similar way, the effect of 
AlCl3 on the reaction dynamics can be explained and is the reason for the improved reaction. 
Since TiH2 and AlH3 are also byproducts of the catalytic reaction [83], the decrease in the total 
amount of desorbed hydrogen is reasonable. Both products have a significant higher desorption 
temperature than Li3AlH6, which results in a decrease of the desorbed hydrogen. 
The DSC analysis of the materials underlines the results made by the TGA and provides 
additional information about the bond characteristics of the hydride. The DSC analysis shows a 
peak of endothermic character in a temperature range of 220°C. This result coincides with the 
results from the TGA analysis, which indicate the hydrogen desorption at 210- 240°C. It also 
coincides with published data, which achieved similar results [13, 82, 83]. The peaks of the DSC 
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analysis do not only prove the endothermic character of the desorption. The peaks also provide 
information about the strength of the metal- hydrogen bonds, which is directly correlated with the 
desorption temperature. Regarding desorption of hydrogen from Li3AlH6, the experiments 
showed a desorption at 200- 240°C depending on the dopant. This temperature results from a 
strong covalent Al-H bond with strong ionicity. In a second step, LiH desorbs hydrogen and 
decomposes to elementary lithium. This reaction takes place at high temperatures and is beyond 
the temperature range of the analysis apparatus. Regarding the results of the doped samples, it 
can be seen that the peaks indicate endothermic desorption reactions at 215°C for titanium 
oxide doped material, 188°C for TiCl 3 doped material, and 175°C for AlCl 3 doped material. All 
results agree with the TGA analysis of current results and published data [13, 82, 83]. Regarding 
the guidelines given by the DoE, this material cannot be used as a potential candidate for mobile 




In a third series of experiments, lithium hydride is doped with different materials and tested for 
different characteristics. This particular material is chosen because of its exceptionally high 
gravimetric storage density of 12.7wt %. One hopes to improve the reaction kinetics in hope of 
establishing this material as one of interest for industrial application. For the preparation of the 










Name of Material LiH TiCl3 TiO2 AlCl3 
Molecular weight [g/mol] 7.95 154.23 79.866 133.34 
Sample weight [g] 1 - - - 
mol% of dopant [%] - 2 2 2 
mole of Matrix Material 
[mol] 0.12579 0.00252 0.00252 0.00252 
          
Amount of Material [g] 1 0.388 0.2009 0.3354 
 
The mixtures are charged together with six steel balls in a vial and mixed for 30 minutes and 
prepared for the analysis. 
 
XRD Analysis 
For the XRD analysis, a discrete amount of material is put on the sample holder and covered 
with Kapton foil, which avoids a contamination of the sample during the analysis. An overview of 
the results is given in Figure 70. 
 
Figure 70 XRD analysis of doped LiH 
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The XRD analysis indicates the change of the material structure by adding a dopant into the 
system. Thereby, it can be assumed that the dopant diffuses into the matrix material. Further 
analyses will identify the effect of the dopants on the material characteristics. 
 
TGA Analysis 
The addition of dopants into the matrix material should decrease the desorption temperature 
from 670°C to values that make it more attractive a s a commercial storage material. Samples 
are prepared and tested under standard conditions mentioned in the beginning of the chapter. 
The results of the analysis are presented in Figure 71. 
 
Figure 71 TGA analysis of LiH System 
 
The TGA analysis basically provides two important sets of information. On the one hand, the 
temperature of desorption can be lowered by adding dopants into the material structure. 
Depending on the dopant material, the shift in desorption temperature ranges from 640°C to 
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620°. On the other hand, the shift of the desorptio n temperature is much lower than the shift 
found in other materials. It can be assumed that the bonds between lithium and hydrogen are 
much stronger than the bonds in the NaAlH4 structure, which is the reason the high desorption 
temperatures. Another possible explanation is based upon the fact that the influence of the 
dopant decreases with an increase in temperature. This would not only explain the low effect of 
the dopant on this material, but also the minor effect of the dopant on the sodium hydride 
decomposition, shown in Figure 77. 
Since the hydrogen desorption in the doped samples occurs at temperatures of 640°C, no DSC 
analysis was performed because the hydrogen desorption takes place beyond the measuring 
range.  
 
Analysis and Discussion 
Due to its exceptionally high storage density of 12.7wt %, lithium hydride was of interest in the 
present study. Even though the decomposition temperature of 670°C in its original state is too 
high for industrial application, one had hoped to lower this value to more moderate 
temperatures. Therefore, the material was doped with different dopants and analyzed based on 
its desorption characteristics. The analysis of this material is of particular interest because no 
publications of doped material are available, and therefore, new results are expected. Table 8 
summarizes the results and compares them with published data. 
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Table 8 Overview of results of LiH 
 
x= analysis performed 
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The structural analysis of the undoped material showed main peaks at angles of 2Θ1= 
38.25°, 2Θ2= 44.31°, and 2Θ3= 64.54°. The comparison with the JCPDF pattern 
identifies the material as lithium hydride and proves it high grade of purity. Unlike 
previously discussed samples, this sample does not show any peaks which indicate 
impurities. In order to analyze the change of the hydrogen desorption dynamics with the 
implementation of dopant materials, a sample of lithium hydride was doped with different 
dopant materials, such as TiO2, TiCl3 and AlCl3.  
The XRD analysis of the samples shows that besides the existing peaks, that indicates 
that the reaction between the hydride and the dopant was either not successful or that 
the materials react differently to other tested samples. Comparison with published data 
indicated that the position of the new peaks is significantly dependent on the dopant 
material.  
The hydrogen desorption characteristics of the material are tested in a second set of 
analysis. The results of the TGA analysis provides information about the hydrogen 
desorption temperature and the total amount of desorbed hydrogen. The undoped 
sample of lithium hydride proved a total amount of desorbed hydrogen of 11.5wt % at 
600- 675°C, which is compared to the theoretical va lue of 12.7wt % and within 
acceptable published data [20]. In a similar way, the doped materials were tested for 
their hydrogen desorption behavior. All materials showed a general improvement in 
terms of desorption temperature. The titanium oxide sample showed a total amount 
6.6wt % of desorbed hydrogen at 560°C, the titanium  chloride sample an amount of 
7.2wt % at 630°C- 660°C, and the aluminum chloride sample at 8.3wt % weight loss at 
560°C. The hydrogen desorption temperature of the m aterials is strongly correlated to 
the bond strength of the metal- hydrogen bond. The bond between lithium and hydrogen 
is from mixed, ionic and covalent character. As described in Chapter 2.2.3.1.1., LiH 
decomposes when enough energy is induced to Li+ and H- due to their partially ionic 
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character under hydrogen release [28, 29]. Besides the improved desorption 
temperature, a second effect caused by the dopant is recognizable at all samples. While 
the undoped sample showed a weight loss close to the theoretical value, all doped 
samples showed degraded values for the amount of desorbed hydrogen. It can be 
assumed that the formation of catalytic phases during the milling process improve the 
reaction dynamics, but also results in the formation of new hydrogen containing 
byproducts, which are more stable than the material itself. A model for this behavior as 
well as the structural change has to be tested and developed through further analysis.  
However, both the XRD analysis and the TGA analysis indicate a manipulation of the 
matrix structure, which is linked with a shift of the hydrogen desorption temperature to 
lower values. It can be assumed that the dopant material forms new catalytic phases in 
the material during the milling process, which improves the desorption dynamics. Since 
the hydrogen desorption takes place in a temperature range above 600°C, even by 




This material is of special interest to the present study, since no data about the impact of 
dopants on the reaction dynamics is available. Initial experiments and theoretical 
calculations have predicted a possible hydrogen desorption of approximately 5.5wt % 
and 6.9wt %, respectively, at temperatures around 290°C. The addition of dopants 
should result in a drop in desorption temperatures and in decrease in the amount of 
desorbed hydrogen. Matrix material and dopants are weighed and mixed as shown in 
Table 9.  
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Table 9 Mixture of LiNa2AlH6 and Dopants 
Matrix 
Material Dopant 
Name of Material LiNa2AlH6 TiCl3 TiO2 AlCl3 
Molecular weight [g/mol] 85.95 154.23 79.866 133.34 
Sample weight [g] 0.2 - - - 
mole% of dopant [%] - 2 2 2 
mole of Matrix Material 
[mol] 0.00233 0.00005 0.00005 0.00005 
          
Amount of Material [g] 0.2 0.0072 0.0037 0.0062 
 
The mixture of the dopant and matrix material is charged with six steel balls in a tungsten 
carbide vial and milled for 30 minutes in a planetary ball mill.  
 
XRD Analysis 
The XRD analysis is performed to get an overview of the impact of the dopant on the 
materials structure. Furthermore, the XRD analysis allows the determination of whether 
or not a desired phase formation took place during the milling process. Therefore, the 
material was prepared for the analysis in a glove box and moved to the apparatus where 
the analysis is performed. The analysis is performed under standard condition, as 
mentioned previously. The results of the sample with the different dopants are presented 
in Figure 72.  
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Figure 72 XRD analysis of doped LiNa2AlH6 
 
The XRD analysis gives a clear overview of the structural impact of the dopant on the 
matrix structure. In all samples, the LiNa2AlH6 phase can be identified, even though 
impurities of precursor material are present. This indicates an unfinished synthesis of the 
material. Based on the data, gained by the XRD analysis, the transition to the desired 
material was finished to approximately 70%. Furthermore, the pattern of the doped 
samples shows additional peaks at discrete angles, which indicate the presence of the 
dopant atom in the sample structure. 
 
TGA Analysis 
Besides the XRD analysis, which provides an image of structural composition of the 
sample, the TGA analysis provides information about the desorption kinetics of the 
material. This analysis is important because it predicts the influence of the dopant on the 
materials. Therefore, the material is prepared in the glove box for the analysis and 
moved to the apparatus, where it is tested for its hydrogen desorption characteristics. 
Figure 73 presents the experimental data of the TGA analysis.  
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Figure 73 TGA analysis of doped LiNa2AlH6 
 
Basically the TGA pattern shows a significant drop, beginning at 175°C and going until 
260°C, independently of the sample. This drop is li nked with a weight loss of 
approximately 20wt %, which is too much to be a result of hydrogen desorption alone. 
Previous analysis has already indicated that NaAlH4, which is present in this sample, 
decomposes at temperatures around 150°C, and that s odium hydride begins to 
evaporate within this temperature interval as well. It is assumed that these effects are the 
cause of the dramatic weight loss. A second step is visible at a temperature of 350°C 
and indicates the hydrogen desorption from sodium hydride, which is a byproduct of the 
LiNa2AlH6 decomposition. The actual LiNa2AlH6 decomposition is not clearly visible. It is 
assumed that the decomposition takes place at a temperature range around 250°C, 
since a shoulder in all curves is recognizable. The addition of the dopant causes a shift 
in the desorption temperature independently of the dopant. This shift is caused by the 
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dopant being less strong than in other samples. It can be assumed that different phases 
compared to NaAlH4 or Li3AlH6 are formed, which do not have the same impact on the 
formation of catalytic phases. 
 
DSC Analysis 
The DSC analysis of the samples provides information about the bond characteristics of 
each sample and verifies the assumption about the strong weight loss of 20wt % in the 
sample. Therefore, the material is prepared for the DSC analysis and moved to the 
apparatus, where it is tested under standard conditions. The results of the DSC analysis 
are shown in Figure 74. 
 
Figure 74 DSC analysis of doped LiNa2AlH6 
 
The DSC pattern of the materials coincides with the results and assumptions of the TGA 
pattern. The initial weight loss of 20wt %, which was assumed to be the decomposition of 
NaAlH4 is proven by this analysis. The first peak, occurring at approximately 175°C, 
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indicates a transformation and agrees with data for that specific material. The second 
peak in each material occurs, depending on the dopant at 225- 275°C, and indicates the 
decomposition of LiNa2AlH6. This result matches the assumption of the TGA analysis, 
where a shoulder in the curve indicates the hydrogen desorption. The decomposition of 
NaH at a temperature of 350°C can be proven by with  an endothermic peak.  
 
Analysis and Discussion 
This material is of interest for current research because of the lack of publications 
dealing with this material. Currently, no information about the effect of doping materials 
on hydrogen desorption dynamics are available. Therefore the undoped material as well 
as samples, doped with different doping agents are tested on their desorption 
characteristics.  
Table 10 shows the results of the analyses.  
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Table 10 Overview of the results of LiNa2AlH6 
Material Material Specifications 
  molar weight 
[g/mol] 
theoretical  
storage density [wt %] 
chem. Reaction reversible  
storage density [wt%] 
          






LiNa 2AlH6+TiO2 85.948 6.9 2LiNa2AlH6+TiO2→4Na2O+2Li2O+2Al+6H2 6.9 
LiNa 2AlH6+TiCl 3 85.948 6.9 2LiNa2AlH6+TiCl3→4NaCl+2LiCl+2Al+Ti+6H2 6.9 




Continuation of the overview of the results of LiNa2AlH6 
n.a.= not available 
x= analysis performed 
 
 
Material TGA DSC XRD 
  experimental [wt%; °C] published [wt, °C] experim ental [W/g, °C] 
theoretical 
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The mechanochemical synthesis of LiAlH4 and NaH leads to the final product, 
LiNa2AlH6 , which is of high interest for further analysis, since no experimental data on 
the influence of dopants on this material is available. The product material is analyzed for 
its structural composition with an XRD apparatus and leads to the main peaks at angles 
of 2Θ1= 20.51° and 2Θ2= 33.97°, which indicates the desired LiNa 2AlH6. The result of the 
current analysis agrees with the JCPDF data as well as published data [87, 88], and 
indicates a LiNa2AlH6 as a major phase in the sample material. However, current 
analysis showed, that the desired phase was not from high purity, since peaks at angles 
of 2Θ1= 29.41° and 2Θ2= 33.97° indicate a major phase with impurities. 
In the course of study, the original material was doped in order to improve the reaction 
dynamics. Similar to the first material, TiO2, TiCl3, and AlCl3 were chosen as dopant 
precursors and implemented into the matrix material structure. The XRD analysis of the 
doped material proved the implementation of the material into the structure since no 
indication of precursor dopant material in the pattern is recognizable.  
Furthermore, the desorption behavior of both the doped and undoped material is 
analyzed. The TGA analysis is a commonly used technique to identify the hydrogen 
desorption temperature of a material, but is also used to determine the total amount of 
desorbed hydrogen [87, 88]. The results of the TGA analysis indicate a two-step 
desorption, which agrees with theoretical calculations [87, 88], where LiNa2AlH6 
decomposes in the first step and sodium hydride at higher temperatures, in a second 
step.  
The first step reaction takes place in a temperature range of 275°C and is linked with a 
weight loss of 5.5wt % .The second step, which describes the decomposition of sodium 
hydride into its elements, takes place at a temperature range of 325°C- 350°C, and is 
linked with a weight loss of approximately 1wt %. The results of both decomposition 
steps agree with results from theoretical assumptions and previous analysis [87, 88].  
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Figure 75 Crystal structure of LiNa2AlH6 
 
Figure 75 presents the cubic crystal structure of LiNa2AlH6, where the octahedrons the 
AlH6 group, light grey the lithium and dark grey the sodium atom are presented. The 
structure has the space group P21/c and the lattice parameter “a”= 7.405Å, where the 
bond length can be assumed to be similar to other hexa aluminohydrides as 
approximately 1.7Å [88, 89]. Further analysis need to verify this assumption. Another 
desorption affecting parameter is, ∆H, which describes the heat that needs to be induced 
to the system to break the Al- H bonds. The value for ∆H= -84.5kJ/mol is also related to 
the height of the peak from the DSC analysis. At a temperature of 290°C, enough energy 
is induced to split the bonds by forming the face- centered cubic hydrides, LiH and NaH, 
under hydrogen release. In a second reaction process, both singularly hydrides 
decompose to Na+ and Li+ and H- due to their partially ionic character at temperatures of 
350°C (NaH) and 650°C (LiH), where only the decompo sition of NaH is in the analysis 
range. Detailed desorption characteristics are given for both, LiH and NaH in Chapters 
2.2.3.1.1. and 2.2.3.1.2. 
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Regarding the doped material, a general trend of an improvement in the decomposition 
temperature can be seen. Independently of the dopant material, all samples show 
improved desorption temperatures when compared with the undoped sample. The TiO2 
sample showed a weight loss of 5.5wt % in a range of 230- 265°C, the TiCl 3 showed a 
weight loss of 5.5wt % at a range of 230- 265°C, an d the AlCl3 doped sample indicated a 
weight loss of 6.5wt % at a range of 215- 235°C. Ev en though the temperature of 
desorption of the material could be lowered with the implementation of the catalyst 
material, the effect was much weaker compared to the Li3AlH6 sample. In general, the 
implementation of the dopant material has a catalytic effect similar to the first material. In 
the example of TiCl3, new phases are formed during the milling process such as D022-
TiAl3 which are responsible for the catalytic effect [87, 88]. In the case of AlCl3, similar 
assumptions about the formation of new catalyst phases can be made, which explain the 
catalytic effect of the material. However, the catalytic effect of all samples was much 
weaker than that of the Li3AlH6 sample. A possible explanation for this behavior might be 
the formation of different catalytic phases, which do not have the same impact on the 
material as the catalytic phases in Li3AlH6 or NaAlH4. Further analysis need to verify this 
assumption. 
The DSC analysis, performed with the undoped and doped materials, gave 
further information about the bond characteristics and the desorption thermodynamics. 
Based on the results of the DSC analysis, it can be predicted whether the hydrogen 
desorption is of endothermic or exothermic character. Furthermore, it is possible to prove 
the results of the temperature of desorption through the TGA analysis, since the heat 
flow peaks appear at discrete temperatures. Referring to the undoped sample, the DSC 
signal verifies an endothermic phase transition at a temperature range of 276°C, which 
coincides with the results of the TGA analysis. Also the fact that the transition is of 
endothermic character agrees with theoretical calculations and published data [87, 88]. 
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The DSC analysis provides information about the bond strength. The Al- H bonds of the 
material are of covalent character but show strong ionicity, which also indicates ionic 
character. These bonds are called polar covalent and have characteristics of both, 
covalent and ionic bonds. These bonds need to be split in order to release hydrogen. 
The amount of energy required to split the bonds correlates with ∆H, the enthalpy, and 
with the height of the peak. Since the value for the DSC peak correlates with the bond 
strength, important information can be assumed based on this result. 
Regarding the doped materials, a general trend of a temperature shift to lower 
temperatures is verified. The TiO2 sample shows a peak at 255°C, the TiCl 3 doped 
sample at 265°C, and the AlCl 3 sample at 225°C. These results agree with the resu lts of 
the TGA analysis as well as with theoretical calculations. 
Regarding the guidelines given by the DoE, it becomes clear that the material does not 
fulfill the guidelines. Even though, the amount of desorbed hydrogen is favorable for 





Na3AlH6 showed in its undoped state moderate hydrogen desorption kinetics. Based on 
the theoretical value of 5.9wt %, experiments show hydrogen desorption of 5.5wt % at a 
temperature range of 250- 300°C. The fact that the desorption takes place at such high 
temperatures makes this material unfavorable in its original form. Therefore, the 
implementation of dopants can be used as a way to the desorption conditions. Based on 
the data in Table 11, samples of different dopant precursors were prepared and tested 
based on their reaction characteristics. 
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Table 11 Mixture of Na3AlH6 and Dopants 
Matrix 
Material Dopant 
Name of Material Na3AlH6 TiCl3 TiO2 AlCl3 
Molecular weight [g/mol] 102.00 154.23 79.866 133.34 
Sample weight [g] 1 - - - 
mol% of dopant [%] - 2 2 2 
mole of Matrix Material 
[mol] 0.00980 0.00020 0.00020 0.00020 
Amount of Material [g] 1 0,0302 0,0157 0,0261 
 
The mixtures were charged with six steel balls in a tungsten carbide vial and milled for 3 
hours. The product is analyzed for its structural composition and its desorption behavior 
[66, 80, 81, 90]. 
 
XRD Analysis 
The XRD analysis is done to provide information about the impact of the dopant on the 
material structure. The analysis is done under standard conditions, as mentioned in the 
beginning of the chapter. The XRD pattern in Figure 76 presents the results of samples 
with different dopants and the undoped sample.  
 
Figure 76 XRD analysis of doped Na3AlH6 
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The pattern of the doped samples indicates peaks from precursor material as well as 
peaks related to the desired phase. Similar to LiNa2AlH6, the transition to the Na3AlH6 
phase is not yet finished. The results from the XRD analysis indicate a mixed phase of 
70% of Na3AlH6 and 30% of precursor materials.  
 
TGA Analysis 
In addition to the structural analysis, the TGA analysis will provide new information about 
the desorption kinetics of the materials. Therefore, the weight loss of the material as a 
function of temperature is measured. Based on this information, detailed conclusions 
about reaction dynamics can be made. The material is prepared for the analysis in a 
glove box and moved to the location of analysis. An overview of the results is given in 
Figure 77. 
 
Figure 77 TGA analysis of doped Na3AlH6 
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The comparison of each curve indicates a general behavior, that all tested materials 
showed multi-step hydrogen desorption. The first shift is identified at a temperature of 
160-180°C, depending on the material. This shift ca n be related to a decomposition of 
the NaAlH4 phase. This material remained in the sample and indicated an incomplete 
synthesis. In the second step, the Na3AlH6 phase decomposes in a temperature range 
between 200- 275°C, depending on the material. In t he last step, sodium hydride 
decomposes into its elements at a temperature of 350°C. Evidently, the last step is not 
influenced by the addition of a dopant. Further analysis will provide more in depth 
information about the bond characteristics of the material.  
 
DSC Analysis 
Additional data from the DSC analysis will enhance the knowledge of the materials 
behavior and characteristics. The preparation and analysis of the samples are done 
under standard conditions and resulted in following outcome. 
153 
 
Figure 78 DSC analysis of doped Na3AlH6 
 
The results of the DSC analysis coincide and outline the results of the TGA analysis. The 
first step of the TGA analysis, which is allocated to the NaAlH4 decomposition, is proven 
with the DSC results. The second peak which took place in a temperature range of  
200- 280°C can be related to the decomposition of N a3AlH6 and coincides with both the 
results of the TGA analysis and the DSC analysis of the NaAlH4 material.  
The result of the decomposition of sodium hydride into its elements mentioned in the 
interpretation of the TGA, is visible in the DSC curve as well. Starting at a temperature of 





Analysis and Discussion 
Na3AlH6 was another material, synthesized and tested for its hydrogen desorption 
characteristics. Similar to all other materials, only little information about the desorption 
dynamics of doped samples are available. In the present study, both the undoped 
material as well as the doped material are tested on its characteristics and compared to 
each other. Table 12 depicts the results of each analyses, the impact of doping agents 




Table 12 Overview of the results of Na3AlH6 
Material Material Specifications 
  molar weight 
[g/mol] 
theoretical  
storage density [wt %] 
chemical Reaction reversible  
storage density [wt%] 
          




Na3AlH6+TiCl 3 101.996 5.9 1. Na3AlH6+TiCl3↔3NaCl+Al+Ti+3H2 5.6 
Na3AlH6+AlCl 3 101.996 5.9 1. Na3AlH6+AlCl3↔3NaCl+2Al+3H2 5.6 




Continuation of overview of the results 
x= analysis performed 
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Na3AlH6 was synthesized by its precursors, NaH and Na3AlH6. The final product is tested 
for its structural composition with an XRD apparatus. Main peaks at angles of 2Θ1= 
32.63° and 2Θ2= 32.27°, 2Θ3= 33.07°, identify the sample as Na 3AlH6. Impurities are 
recognizable at 2Θ1= 29.61° and 2Θ2= 35.61°, and are related to precursor material. Th e 
result of the undoped material coincides well with the reference pattern from the JCPDF 
file and also with published data [80].  
In the course of study, the sample was doped with different materials, such as TiO2, 
TiCl3, and AlCl3. The results of the XRD pattern show no phases of the precursor dopant, 
which results in the conclusion that the material formed new phases with the matrix 
material. This assumption agrees with published results [66] and theoretical 
understandings of the catalytic effect of these dopants. Regarding the results of the TGA 
of the undoped materials, it points out that the hydrogen desorption takes place in a 
temperature range of 250- 300°C, with a total amoun t of desorbed hydrogen of 5.5wt %, 
in a two-step reaction based on theoretical assumptions [81]. This value coincides with 
both previous published papers, and the theoretical storage density of that material [90]. 
All samples, especially the TiO2 doped sample, show an increase in weight during the 
heating process of 0.5wt % (undoped, TiCl3, and TiAl3) to 1.5wt % (TiO2). Interactions 
with ambient moisture and air can be assumed as responsible for this behavior. 
Reactions take place in the following form depending on their appearance in the 
atmosphere [25, 30, 32]. 
For the reaction with oxygen: 
 
 GHJI<"K  6"12 3 3GH2"  I<S2"TJ  6"1 2.38 
 
For the reaction with moisture: 
 GHJI<"K  221 3 3GH2"  I<S2"TJ 2.39 
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The resulting NaOH does not affect further hydrogen desorption processes, but needs to 
be considered in further analysis. 
 
Figure 79 Crystal Structure of Na3AlH6 
 
Figure 79 shows the crystal structure. At low temperatures, it has a monoclinic P21/n 
symmetry, whereas at higher temperatures the symmetry changes to orthorhombic 
Immm. The lattice parameter of this structure are “a”= 5.322Å, “b”= 5.516Å, and  
“c”= 7.679Å, with a Al- H bond length of 1.77Å [22, 26]. The Al- H bonds are of covalent 
character, but due to their ionicity they also share ionic characteristics. Besides the bond 
structure of the Al- H bonds, the enthalpy, ∆H (-69.8kJ/mol) [80, 81], is an important 
aspect of the hydrogen desorption temperature. If the energy amount is high enough, the 
material starts to decompose to NaH under hydrogen release. At a temperature of 
275°C, enough energy in the form of heat is induced  into the system to split the bonds of 
the material, and Na3AlH6 starts to decompose.  
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The same analysis was performed with doped materials. The hydrogen desorption of the 
TiO2 doped material took place in a range of 210-250°C,  with a total weight loss of 5 
wt%. The decomposition of the titanium chloride doped sample took place in a range of 
240°C- 270°C, with a total weight loss of 5.5wt %. Finally, the aluminum chloride doped 
sample desorbed hydrogen in a range of 160°C- 210°C , with a total weight loss of  
5.9wt %.  
Independent from the dopant precursor, a shift to lower temperatures is recognizable. 
The reason for this is the formation of the catalytic phases D022- TiAl3, which is formed 
alike sodium chloride. Deeper information about the atomic crystal structure of the doped 
material are not available and no prediction about can be done. This catalytic phase is 
evidently responsible for the temperature shift to lower values [90]. Similar assumptions 
can be made about the precursor TiO2 and AlCl3, where the dopant itself has significant 
influence on the shift. Unlike Na3AlH6 hydride, the total amount of desorbed hydrogen 
does not decrease by doping the material. This fact leads to the assumption that the 
thermodynamics of the decomposition are more favorable when compared to the other 
material. This occurrence coincides with previously published data [66, 80, 81, 90]. 
The DSC analysis was performed in order to gain deeper information about bond 
characteristics and hydrogen desorption kinetics. Therefore, the undoped and doped 
samples were tested and compared with each other. Regarding the undoped sample, an 
endothermic peak at 275°C is recognizable, which id entifies the hydrogen desorption 
and coincides with the results of the TGA analysis, as well as with published data [66, 
80, 81, 90]. Besides bond characteristics, entropy is a second major factor that 
influences the hydrogen desorption temperature. This value is equal to the amount of 
heat to bring the hydride to its ground state [31, 34, 91, 92]. Comparing the height of the 
peaks of the undoped and doped sample, peaks of the doped samples are lower than 
these of the undoped sample, with values of -7.1
  for the undoped sample and -2.5  for 
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the doped samples. This result coincides with published data, where similar results have 
been proved [87]. This results verifies the assumption that the height of the peak is 
related to the desorption temperature and that the peak shifts to lower temperatures by 
adding dopants into the structure. 
Regarding the doped samples, a general improvement is recognizable in terms of 
desorption temperatures. The values for the peaks from the DSC analysis match well 
with the steps occurring at the TGA analysis and can be allocated to each other. 
Additionally to the reaction characteristics of the desorption steps, the DSC analysis also 
gives information about the bond strength between the involved atoms. Doping of the 
material leads to the formation of new phases, such as D022-NaCl and TiH2, which have 
favored bond characteristics referring to the hydrogen desorption kinetics. However the 
atomic crystal structure of these materials is not yet determined and no prediction about 
bond character is possible. The results from the current analysis also match with 
published data [66, 80, 81, 90]. Regarding the requirements and guidelines given by the 
DoE, the material must be excluded as potential candidate for mobile application due to 
its unfavorable desorption temperatures, but also due to its low amount of reversible 
hydrogen storage. The guidelines require a reversible storage density of 6%, whereas 




In the present study, several materials were synthesized and characterized on their 
hydrogen desorption dynamics. Singularly and binary hydrides consist of a metal host 
atom and one or two, respectively, hydrogen atoms. These materials are being used as 
precursor materials for complex structures. In the current study, LiH, NaH, and KH as 
singularly hydrides and CaH2, MgH2, and TiH2 as binary hydrides were analyzed. 
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Therefore, LiH hydride was due to its favorable theoretical storage density of 12.7wt % 
from special interest. The material was being doped with Ti and Al based dopant 
materials in order to lower its hydrogen desorption temperature. It was possible to create 
a significant shifts towards lower temperatures but the desorption temperature of the 
doped samples was with 560°C still too high to fulf ill the guidelines. 
Another approach consisted in the synthesis of a composite including two binary 
hydrides TiH2 and CaH2. Therefore, samples with different TiH2: CaH2 were prepared 
and tested for their hydrogen desorption kinetics. Besides the desorption kinetics, the 
impact of each compound was of major interest. Results of the samples did not indicate 
hydrogen desorption in a temperature interval until 400°C. 
Another approach to create a new storage material was the synthesis, doping and 
analysis of lithium and sodium based alanates. Therefore four different materials, 
Li3AlH6, NaAlH4, Na3AlH6, and LiNa2AlH6 were synthesized and doped. As dopant 
material, TiO2, TiCl3, and AlCl3 were chosen where all samples were doped with 2mol % 
of each dopant. As predicted, all samples indicated a shift towards lower temperatures 
when the dopant was implemented into the structure. The temperature shift is strongly 
dependent on the dopant material, titanium or aluminum. However, it is not possible to 
give a general statement about the dopant material and its effects on the temperature 
shift each material showed individual results, but even between TiO2 and TiCl3 
significant differences could be proved which lead to the assumption that each material 




3. Hydrogen based Infrastructure 
3.1. Introduction 
 
Based on the facts mentioned in chapters 1 and 2, hydrogen has the potential to replace 
existing technologies as a generator of heat and electricity. Directly connected to 
hydrogen challenges are technical problems that are connected to its devices, namely, 
the weight of fuel cells and the electric converter. In order to ensure a successful 
transition to a hydrogen based technology, indirect factors such as a network of refueling 
stations and a working hydrogen supply chain are of high importance as well.  
The overall goal of government and industry must be a step by step transition towards a 
fully integrated hydrogen economy based on zero emission energy sources. Therefore, a 
solid framework set based upon science, technological knowledge, and political 
communication has to be established. 
Hence, time is of major concern, not only because of rising pollution and energy 
demand, but also because other technologies stand in direct competition with the 
hydrogen sector. An introduction into high scale application will depend upon many 
factors, such as grants, state of art and support from the political viewpoint. Estimations 
predict an introduction of the first high scale hydrogen application in approximately 30 
years. As a consequence, a working hydrogen based infrastructure will not be 
observable before the year 2030, assuming that serious research began 10 years ago. 
Current research focuses on small and middle scale production systems based on 
existing technologies. Thereby, an increase in the grade of efficiency and cost reduction 
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are important [3, 11, 12]. These, along with other aspects, define the term “hydrogen 
infrastructure”, which will be discussed in the following. 
 
3.2. Transition Strategies 
 
The transition to hydrogen based technology is characterized by two extremes. On the 
one hand, hydrogen is perceived as the immediate answer to all questions relating to 
pollution, climate change, and expensive fossil fuels. On the other hand, safety concerns 
paired with a lack of technological knowledge are blocking its development.  
Hydrogen as an energy carrier is not seen as the ideal solution to all policy objectives. 
Especially as a short term solution, hydrogen seems to be impractical due to its complex 
technological challenge. Therefore, the aim for politics, industry and academia is a 
solution which enables the fastest possible transition independently of the technological 
standpoint. A strong driving force for each country is the oil dependency on other 
countries. As a result, many European countries set themselves the goal of developing a 
sustainable energy infrastructure by 2050, when the limitations of fossil fuels will become 
recognizable. This infrastructure includes the reduction of energy demand, the 
establishment of renewable resources and the decrease of greenhouse gas emissions.  
Since hydrogen is difficult to regard as a short term solution, alternative technologies 
have to be found to initiate the transition starting away from fossil fuels to renewable 
fuels. The transition will consist of many components, each with its own set of challenges 
and solutions. Participating countries have agreed to split the challenge into six individual 
parts, listed below 
• Green raw materials 
• Sustainable mobility 
• Chain efficiency 
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• New gas 
• Sustainable electricity 
• Energy use in the constructed environment 
Possible solutions to each part of the issue need to be developed and embedded into a 
functional system. Since the process of energy transition takes time, current pathways to 
this transition must be flexible and adaptable to variations in solutions within state of the 
art technologies. Currently involved institutions have identified the most promising 
pathways for each of the six themes.  
At first, participating countries were confident about the success of their design ability to 
establish a transition. In the following years, criticisms about the existing design come to 
the surface. Basically, there was a debate that the energy transition is a niche process 
and will not have a significant impact on broader policy. Furthermore, details of energy 
supply and sustainability are still divided, which disables the possibility of a successful 
transition.  
Another setback is the lack of communication between the leading organizations and 
positions. Politicians seem to not be deeply interested in the transition for various 
reasons. As a result, the necessary amount of effort is not being put forth. From an 
academic standpoint, universities do research, but instead of transferring and publishing 
these research results, most departments hide breakthroughs from each other, which 
results in blocked pathways. Lastly, industry has a great influence on research projects. 
Since industry provides the majority of the funding for research for all the projects, 
pathways and solutions are fit to their individual agenda. 
Criticisms made in the recent past led to a general analysis of barriers and driving forces 
for a transition. Research groups came to the conclusion that both the, driving factors 




The effect of greenhouse gases on climate change can be allocated to two main 
aspects: increasing energy demand and the development of industry. As a result, 
environmental issues emerge as a leading driving factor for politics and industry. In the 
recent past, strict standards were set in order to improve local and national air quality. 
Unfortunately, the regeneration of the environment takes a lot of time so significant 
changes will not be recognizable within the next decade. Fuel cells and their peripherical 
devices will play an important role in that change. Once it became clear that the existing 
energy demand could not be satisfied by hydrogen alone, a combination of several 
alternative fuels emerged as a possible solution.  
 
Security of energy supply 
Concerns about future availability, geographical sensitivity and energy prices, have 
recently emerged. A dependency on the importation of fuels is a huge security risk for a 
country. Taking that into account, the development of alternative fuels is linked with a 
certain amount of independence in terms of energy supply and demand. Since fossil 
fuels are limited and have become rare in this century, prices will continue to increase 
and will have detrimental effects on the on the transportation sector. Therefore, hydrogen 
seems to be a favorable technology in order to avoid these stresses. Its properties 
enable a direct link between energy source and consumer. Furthermore, hydrogen 
allows for competition with each field of application and will put all energy sources on an 
equal level. 
 
Innovation and Competiveness 
Another driving force is politics and the industry itself. The competition within 
international markets leads to high investments in the development of new technologies. 
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Technical knowledge is not only a trademark, but also the basis for a successful 
development of new technologies. In order to guarantee a zero emission infrastructure, 
existing technologies have to be upgraded and new technologies have to be found. Even 
though a strong sense of international competition exists, it is vital that countries share 
their specific knowledge with each other. 
 
Absence of Infrastructure 
The main barrier to a transition is the fact that even after many years of research, no 
transition or infrastructure can be recognized. Existing infrastructures have only limited 
space for renewable energies, even though, the development of hydrogen is attractive 
for reasons, such as 
• The utility of infrastructure increases with standardization 
• The economics increase proportionally with the amount of users 
• Learning effects, that provide more efficient services, are a result of experiences. 
 
Costs 
Costs are a prime factor to the success of a transition to an alternative energy based 
infrastructure. If it is possible to reduce the cost of fuels produced by alternative energies 
to the level of fossil fuels, chances for a transition increase substantially. Currently, the 
cost of fuel cells and all of their applications are significantly higher than cost of 
commonly used engines. Latest cost predictions show that fuel cells will become more 
affordable and cheaper than combustion engines with an increase in production volume. 
This fact allows for hope in the future, but it should be kept in mind that these predictions 
are based upon many assumptions that are not yet clarified. 
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Even though, hydrogen has a large potential to be a future energy carrier due to its 
physical and chemical properties, people realize the problems connected with this 
technology. Therefore, several countries and institutions have ceased efforts in hydrogen 
and are focusing on other promising technologies [3, 11]. 
3.3. Examples of a Hydrogen based Infrastructure St rategy  
 
The development of a hydrogen technology and its devices is the basic requirement for a 
transition to a hydrogen based technology. In addition to these technological aspects, 
large- scale plans are an important aspect of guaranteeing a successful transition to this 
technology. As a result, roadmaps developed by different countries and research groups 
will help promote the establishment of hydrogen into the infrastructure. In the following, 
two examples of this will be provided; the Japanese strategy and the US strategy, in 
order to show the different approaches to a transition.  
 
3.3.1. The Japanese Strategy 
 
The Japanese economy has realized the significance of PEM fuel cells and their 
stationary and mobile applications. Since 1999, several projects have been founded to 
create models for a transition. The Japanese Ministry for Economy, Trade, and Industry 
(METI) has taken the responsibility of controlling and managing the different projects 
from a governmental standpoint. Together with industry and academia, long term 
projects have been developed and implemented as test programs into the existing 
infrastructure.  
Along with local and environmental issues, severe international competition in fuel cell 
technology and renewable energy is a driving force encouraging politics and government 
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to force a transition. In 1996, a group was founded that developed plans and programs to 
implement and commercialize fuel cell engine cars. The group consists of members from 
automotive and electric industry, universities, media, and many other influential 
institutions. Their original objectives were the following: 
• Determine the state of the art fuel cell technology 
• Identify issues and barriers to promotion and commercialization 
• Recommend strategies to overcome barriers 
After 12 months of research and analysis, they found results that describe the baseline 
for a transition. 
 
Figure 80 Basic Aspects to a Transition [3] 
 
Referring to Figure 80, the results can be divided into four groups, depending on their 
content significance. Among the four mentioned points, the first two are considered to be 
critical and will determine the over success or failure of hydrogen technology as an 
alternative to a fossil fuel based infrastructure. In the course of research, the committee 
developed possible solutions to overcome these barriers and gave a timeline showing 
when these improvements should be introduced.  
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Figure 81 Pathway for possible Solutions[3] 
 
In general, a transition can be divided into four stages, as shown in Figure 81: the 
establishment of test evaluation methods, standardization, education of human 
resources and fleet test& demonstration. Based on this initial analysis, a three year 
lasing pilot project was introduced in 2002. Due to its great success, the project was 
extended for three additional years. The project consisted of a regional network of 
hydrogen refueling stations and a fleet of fuel cell cars. The general objectives of the 
project were the following: 
• evaluation of total energy efficiency 
• collection of data for codes and standards 
• issues for the real working condition 
In 2005, after a three year testing phase, first data was collected, analyzed and 
published. Results showed a clear improvement in the economy at equivalent driving 
performances. Since the project was extended and just finished recently, data 
concerning durability and reliability still have to be interpreted and are not yet published. 
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3.3.2. The US Strategy 
 
The significant value of hydrogen as an energy carrier has been recognized by 
the US government during the last decade. In 2003, President Bush announced $1.2 
billion for research in renewable energies, which is the largest amount of money ever 
spent on alternative fuel project. This announcement has marked a clear turning point 
away from fossil fuels towards renewable energies. The limitations of fossil fuels and the 
dependence upon other states is a big security risk for every country. Recently, the US 
Fuel Cell Initiative has made significant progress in technological development.  
Unlike the Japanese Initiative, which mainly focuses on hydrogen technology, the US 
initiative approach includes all forms of renewable sources as potential alternatives. The 
DoE as a governmental institution controls and regulates all national programs and 
provides funding for each project. The goal is to establish renewable energy sources 
until 2020, when fuel cell vehicles and industrial applications hope to be fully 
implemented. Therefore, the implementation of wind, water, nuclear, and photovoltaic 
energy enable a wide range of possible solutions. The US Fuel Cell Initiative splits the 
hydrogen plan into different parts, similar to the Chinese initiative. Hydrogen production 
is seen to be a key technology but also a barrier. Therefore, the development of 
sustainable production methods is important to the course of all projects. Current 
production methods involve fossil fuels, such as gas and coal, which produce 
greenhouse gases as a byproduct. The primary aim of this process is to replace fossil 
fuels. This is a long term process that requires technological developments and a highly 
developed infrastructure. Meanwhile, emission lowering process methods have to be 
developed in order to avoid a deceleration of the transition. 
By 2015, the price of hydrogen as a fuel needs to be lowered, as shown in Figure 82 to a 
competitive level of $2.50/gge (gallon gasoline equivalent). 
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Figure 82 Prize developing for hydrogen fuel[3] 
 
The price would stand in direct concurrence with fossil fuels and allow a transition to new 
technologies. Ensuring a safe hydrogen delivery from its point of production to its point of 
use is another important aspect of the hydrogen infrastructure. Nowadays, the 
transportation of hydrogen is connected with high energy losses caused by its physical 
properties. Current research is focusing on the optimization of compression and storage 
methods, while current pipelines and delivery facilities are being improved by introducing 
new materials and devices.  
In order to guarantee a reliable hydrogen delivery, cost for compression and storage 
needs to be lowered to $0.80/gge, and costs of transportation to $0.90/gge. In addition to 
delivery, hydrogen storage is the second key technology and its development will 
determine the failure or success of the transition to a hydrogen based infrastructure. Due 
to the high value of this field of research, the national hydrogen storage project is divided 
into different parts, which focus on different storage methods. In order to establish 
hydrogen as an alternative to fossil fuels, a vehicular driving range of at least 300 miles 
at similar driving performances must be provided. Furthermore, a dense network of 
refueling stations must be developed.  
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Figure 83 Technological Requirements to the Storage System [12] 
 
In addition to this framework, technological issues, mentioned in Figure 83, have to be 
considered. High expectations are placed on metal hydrides and chemical hydrides, 
where new materials have to be found that fulfill the guidelines made by the DoE.  
The trend within the last years of research had been a shift away from improving existing 
technologies and a movement towards the exploration of new technologies. Safety 
issues, codes and standards are other important aspects to ensure a successful 
transition to renewable energies. The government as a neutral institution catalyzes and 
coordinates different national projects to develop codes and standards. Therefore, data 
based on current studies are the main source for the development of codes and 
standards. The aim is to provide standards for residential and transportation application 
that act harmoniously with international programs. At the same time, safety issues have 
to be taken seriously. As a result, permanent practices and training for customers needs 
to be implemented into the existing infrastructure.  
Lastly, the education of society is as important as the improvement of codes and 
standards itself. Since the customer has great influence over the success of the 
transition, demonstrations are required to make the technology public. Based on the 
concept that a customer will only buy a product if they are familiar with it, all forms of 





The development of a fitting storage material is a major criterion for the transition to a 
hydrogen based infrastructure. Even though, the success of the transition will mainly be 
dependent on aspects such as hydrogen production and hydrogen storage, other 
aspects cannot be neglected. The hydrogen infrastructure can be down selected into six 
parts, namely, green raw materials, sustainable mobility, chain efficiency, new gas, 
sustainable electricity and energy use in the constructed environment. Each of these 
aspects has its own challenges, which have to be solved individually. Therefore the 
cooperation between government academia, and industry on a national but also 
international basis needs to be close to guarantee a successful transition. The transition 
to that infrastructure is covered with forcing factors such as environmental aspects, 
international competition and security of energy supply but also barriers such as the 
absence of an infrastructure and insufficient communication. Based on these aspects, 
countries all over the world established governmental institutions to induce a transition to 
an alternative fuel based infrastructure. Models differ significantly from each other. For 
example, the Japanese Model of the transition is focused on hydrogen as a fuel. Every 
aspect is aligned to hydrogen and its application. In contrast to that, the US strategy to 
an alternative fuel based transition does not focus on one particular energy source, but 
uses the advantages of all technologies and creates an infrastructure, where all 
applications find their place in the overall system depending on their individual 
excellence. 
However the transition still is in the beginning phase and significant milestones have to 
be reached in order to guarantee the success of a transition. It is planned that a working 
infrastructure will be established in the year 2050 with major application based on 




The Department of Energy has set guidelines and requirements on the materials 
referring to gravimetric storage density, cost and other criteria. The challenge for 
researches and engineers is to find a material that fulfills all these requirements in order 
to replace existing hydrogen storage methods. In the present study, four systems of 
metal hydrides were synthesized and tested on their structural composition and their 
hydrogen desorption behavior. The synthesis of the materials was performed by a 
mechanochemical solid state reaction. Therefore, the precursors were charged with steel 
balls in a vial and milled for 3 hours. In this process, a chemical reaction between the 
precursors takes place and a new compound and composite, respectively, are formed. 
The structural analysis of the product is performed with an XRD technique, which 
provides a characteristic reflection pattern. Comparing these patterns with public data 
allows an undeniable identification of the sample. Desorption behavior and bond 
characteristics are tested with either thermogravimetric analysis methods or with 
differential scanning caliometric methods. Both methods enable a clear overview of the 
chemical properties of the material. Based on these results, materials are assessed by 
their practicability for industrial application.  
Table 13 provides a summary about performed experiments and their results. 
175 
Table 13 Summary of Experiments 
 Synthesis Material Analysis Doping New Results 













Singularly Hydrides                        






NaH - x x x - - - - - - - 
KH - x x x - - - - - - - 
Binary Hydrides                        
MgH2 - x x x - - - - - - - 
CaH2 - x x x - - - - - - - 
TiH2 - x x x - - - - - - - 
Composite                        
TiH2 + CaH2 75:25 X x x x - - - - - - x 
TiH2 + CaH2 50:50 X x x x - - - - - - x 
TiH2 + CaH2 25:75 X x x x - - - - - - x 
TiH2 + CaH2 95:5 X x x x - - - - - - x 
Alanate                        
Li3AlH6 X x x x x x x 3.5;200-235 (11.1;220) - - - 
NaAlH4 X x x x x x x 2.5;160-200 (7.4;250) - - - 
Na3AlH6 X x x x x x x 5.0;210-250 (5.9;270) - - - 






Singularly Hydrides MH 
In a first attempt, singularly and binary hydrides were tested for their hydrogen 
desorption dynamics. All singularly hydrides decompose in the general form of 
 
 " 3 Y  " 3.1 
 
where M stands for the metal atom and H for hydrogen. All singularly hydrides have a 
face- centered cubic crystal structures with individual lattice parameter and M- H bond 
lengths. All bonds show a mixed ionic and covalent character with the majority at the 
ionic side. As a result, the atoms are in an ionic state after they decompose into their 
elements. The materials showed unfavorable hydrogen desorption kinetics, where the 
desorption was too high to fulfill the DoE requirements. NaH has a value of 350˚C the 
lowest value, and LiH has 650˚C, the highest. However, LiH, due to its favorable mass 
ratio between lithium and hydrogen, is of special interest. Out of all singularly hydrides, 
this material has the highest theoretical storage density, with 12.7wt %. Therefore, the 
material was doped with TiO2, TiCl3, and AlCl3 in order to improve its weak reaction 
kinetics. The TGA analysis could prove a shift of the temperature of desorption in a 
maximum of 40˚C for all doping agents, where TiO2 showed the best results. Further 
analyses have to determine the phase change and the location of the catalyst atom 
within the crystal structure. Even though the analysis of the materials shows unfavorable 
desorption kinetics, these materials were still of interest as precursor materials for the 






Binary Hydrides MH2 
Similar to singularly hydrides, binary hydrides were tested as received for their 
hydrogen desorption dynamics. In general, binary hydrides decompose in the following 
form, 
 
 "1 3 1Y 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where M stands for the metal atom and H for hydrogen. All binary hydrides have either a 
tetrahedral face- centered cubic crystal structure or an orthorhombic face- centered cubic 
structure with individual lattice parameters and bond length. In the case of CaH2 
andMgH2 the M- H bonds are of ionic character due to their earth alkali character. TiH2 
behaves differently to the two other binary hydrides. Other than these, its M- H bonds are 
from metallic character and the desorption takes place in a two-step process, where in 
the first step the crystal structure changes from cubic to rhombohedral, and in the 
second step, hydrogen desorbs. Even though no new results were found, the analyses 
were of major importance because these materials act as precursors for complex 
structures and composites, comparable to the singularly hydrides. 
 
Composite TiH2 + CaH2 
In another series, a composite consisting of TiH2 + CaH2 was synthesized and 
tested for its hydrogen desorption characteristics. Therefore, four different samples were 
synthesized, which differ in their hydride mass ratio, in order to determine the impact of 
each component on the desorption characteristics. Both analyses, TGA and DSC, were 
performed in a temperature range of 25- 400˚C. This interval was chosen because 
desorption above these temperatures is not of interest for the present study. The results 
of all samples did not indicate hydrogen desorption in the desired interval. However, it 
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might be possible that the composite will show improved reaction dynamics, compared to 
its compounds TiH2 and CaH2. 
 
Lithium- Sodium Alanate 
Another attempt in the synthesis of materials was performed by an alanate 
system consisting of Li3AlH6, Na3AlH6, NaAlH4, and LiNa2AlH6. Since alanates show, in 
the undoped state, good reaction kinetics, it is assumed that a dopant could lower the 
hydrogen desorption temperature to favorable temperatures. 
A tested material was NaAlH4, which is, in the undoped state, a well tested 
material. When heated, the material decomposes in two steps into its elements and 
showed 6.0wt % weight loss, which is close to the theoretical value of approximately 6.5 
wt %. The material was doped with different doping agents and tested for its hydrogen 
desorption behavior. In general, all doped samples showed a shift to lower temperatures. 
For the current study, TiO2 as dopant was of high interest because no data was available 
for this particular hydride: dopant combination. Similar to Li3AlH6, a change in the phase 
occurs during the implementation of the dopant. The new phase, D022-TiCl acts as a 
catalyst for the desorption, and causes the shifts in the DSC and TGA measurements. 
However, these samples showed a decrease in the total amount of desorbed hydrogen 
(2.5wt %) caused by a second TiH2 phase that occurred during the dopant 
implementation. Even though the hydrogen desorption temperature could be lowered, 
the reversible storage density is still too low and excludes the material as potential 
storage material. 
Li3AlH6 was chosen as a material to synthesize and to dope with different agents. 
The structural analysis of the synthesized material proved a sample of high purity with 
only minor impurities. The material itself has a monoclinic crystal symmetry with an R3U 
space group. However, the analyses of the undoped material showed a two-step 
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decomposition, which coincides with theoretical assumptions. The material decomposed 
4.5wt % hydrogen, which is less than the theoretical value of approximately 11wt %. The 
difference between experimental value and theoretical value is caused by the high 
heating rate during the analysis and the weak desorption rate of the material. Regarding 
the results of the doped materials, a general shift to lower desorption temperatures was 
recognizable. The reason for that is the phase change caused by the implementation of 
the catalyst. During the milling process, a D022-TiCl phase appears, which acts as a 
catalyst for the hydrogen desorption. All samples showed decreasing amounts of 
desorbed hydrogen. This behavior can be explained by the second phase, which is 
formed during the catalyst implementation. The more stable TiH2 is formed and causes 
the decreasing amount of desorbed hydrogen. The implementation of TiO2 was of high 
interest since no data about this material was available. It could be shown that TiO2 
improves the reaction dynamics even though, the desorption time is still too high for 
industrial applications. 
Another attempt consisted in the synthesis and analysis of the desorption 
behavior of Na3AlH6. Similar to other materials, characteristics of Na3AlH6 is, in its 
undoped state, well known. However, the implementation of aluminum and titanium 
based dopants will change the hydrogen desorption kinetics of the material. The results 
of the XRD analysis indicated a major Na3AlH6 phase with impurities. The TGA analysis 
as well as the DSC analysis of the undoped material match each other, where the phase 
transition in the temperature range of 250-300˚C and 350-400˚C, depending on the 
desorption step, could be proved. The bonds in between Na- Al, as well as Al- H, mainly 
define the desorption temperature. These bonds are of ionic and covalent character, 
respectively, and release hydrogen by forming NaH when enough energy is induced into 
the system. The second reaction step is characterized by the decomposition of NaH, 
explained in the beginning of the chapter. Comparing the results with the doped material, 
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shifts towards lower temperatures for all samples could be shown. Of main interest was 
the TiO2 doped sample, because no experimental data about the impact of this dopant 
on reaction kinetics has been published. The implementation of the dopant leads to a 
phase change in the material, which improves the reaction dynamics with a shift of the 
desorption temperature (~40˚C), but decreases the total amount of desorped hydrogen 
(1- 2wt %) depending on the dopant agent. Referring to the guidelines and requirements 
given by the DoE, the material, even if doped with titanium and aluminum, still cannot 
reach all requirements and requires further analysis with different dopant material to 
reach better results in terms of reaction dynamics. 
LiNa2AlH6 was synthesized and tested under similar conditions as all other 
materials. This material is fairly unknown, where just few experimental data about the 
structure and no experimental data about the impact of dopant materials is available. 
Therefore, results will provide new information about reaction kinetics and desorption 
behavior. The XRD results showed a major LiNa2AlH6 phase with impurities from the 
precursor material. However, the TGA and DSC analyses of the undoped material, as 
well as the doped material, showed a general shift of the desorption temperature towards 
lower values connected with a weight loss as high as 6.5wt % for AlCl3 doped material. 
Depending on the dopant material, shifts of 60˚C could be reached to values as low as 
215˚C (with AlCl3 as dopant). TGA and DSC analysis verified the decomposition in the 
form of 
 
 RLGH1I<"K 3 2RL" 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The material has a cubic P21/c space group. Further analyses of this material must 
determine the phase change during the dopant implementation as well as the influence 
181 
of the amount of dopant material on the temperature of desorption in order to gain a 
deeper understanding of the desorption behavior of this material.  
The present study provided new results, especially concerning the doping of 
materials. Alanates were synthesized in a mechanochemical synthesis and tested for 
their hydrogen desorption kinetics. Results for titanium and aluminum doped materials 
showed significant differences between each other. Additionally, the variation of different 
titanium dopant agents, TiCl3 and TiO2, showed individual characteristics. Further 
analyses need to determine the reason for this behavior as well as the optimal 
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